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Foreword 



In the Spring of 2000 the idea of a consortium of Mediterranean countries support- 
ing the Italian bid to host the 32 nd International Geological Congress took off during 
a geological fieldtrip on the slopes of Mount Vesuvius hosted by Prof. Bruno D’Argenio 
(University of Naples) with the sponsorship of SMED (the UNESCO-CNR Office for 
Scientific and Technological Cooperation with Mediterranean Countries). On that 
occasion, the head of the Italian delegation to the coming 31 st IGC Prof. Gian Battista 
Vai championed the notion that - had the bid been accepted - such cooperation should 
have not only translated into the participation of the Mediterranean countries in the 
organization of the future congress, but also should have been a springboard for 
launching a scientific project focused on the Mediterranean region and whose re- 
sults had to be presented at the congress. 

During the 31 st IGC in Rio de Janeiro, after the designation of Florence by the IUGS 
Council as the venue for the 32 nd IGC, the Mediterranean Consortium was set up. In 
its full configuration, the Consortium was an association of thirty-one Mediterra- 
nean and nearby countries. Along with Italy, they are: Albania, Algeria, Austria, Bosnia- 
Herzegovina, Bulgaria, Croatia, Cyprus, Egypt, France, Greece, Hungary, Iran, Iraq, 
Israel, Jordan, Lebanon, Libya, Macedonia, Malta, Morocco, Palestine, Romania, Saudi 
Arabia, Serbia and Montenegro, Slovakia, Slovenia, Spain, Switzerland, Syria, Tunisia, 
and Turkey. 

Each member country nominated a National Representative who served as a liai- 
son between his/her national geological community and the IGC Organizing Commit- 
tee. The National Representatives disseminated information on the congress and stimu- 
lated the submission of proposals for scientific sessions, short courses, workshops and 
fieldtrips from their national Earth sciences communities. Three Mediterranean Con- 
sortium representatives sat on the Advisory Board of the 32 nd IGC, representing the 
Mediterranean countries of Europe, North Africa and the Middle East, thus providing 
additional input for the organization of the congress. 

This publication is the main outcome of the TRANSMED Project, a scientific re- 
search program sponsored by the Organizing Committee of the 32 nd IGC within the 
framework of the activities of the Mediterranean Consortium. The Project kicked off 
at the end of 2001 and in about two years generated a number of transects depicting 
the lithospheric and mantle structure across selected, representative regions of the 
Mediterranean domain and adjoining areas. This was accomplished integrating sur- 
face geology, seismic profiles and mantle tomography, both on land and at sea. The 
goal is to provide the international geoscientist with an updated, supranational over- 
view of the geological and geophysical structure of the complex Mediterranean do- 
main. It is my hope that this scientific and editorial initiative will be useful both to the 
Earth scientists unfamiliar with the Mediterranean and to those willing to put the 
results of their own research within a wider framework. 



Attilio Boriani 

President, 32 nd International Geological Congress 
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“The whole is simpler than the sum of its parts.” 
Josiah Willard Gibbs (1839-1903) 



As already noted by Schwan (1997), the geological literature on the Mediterranean 
region is forbidding for the outsiders, being published in a galaxy of outlets, including 
regional journals, geological survey reports and academic theses written in at least 
twenty languages. Despite several publications summarizing specific or broader as- 
pects of Mediterranean geology (e.g. Biju-Duval and Montadert 1977; Dixon and 
Robertson 1984; Stanley and Wezel 1985; Morris and Tarling 1996; Durand et al. 1999), 
it is therefore hardly surprising that until now there was no coherent synthesis ade- 
quately covering this wide region. This volume-cum-CD aims at filling the gap. 

Geological research on the Mediterranean region is currently experiencing quite 
a dynamic period, characterized by the transition from disciplinary to multidiscipli- 
nary research, as well as from national to international investigations. In order to 
synthesize and integrate the vast disciplinary and national datasets which are avail- 
able it is necessary to implement maximum interaction among geoscientists of dif- 
ferent extractions. The creation of project- oriented task forces in universities and 
other research institutions, as well as the development of large international coop- 
eration programs, is instrumental in pursuing such a multidisciplinary and supra- 
national approach. 

This publication is the main result of the TRANSMED Project, an international 
scientific cooperation program which brought together sixty-two structural geolo- 
gists, geophysicists, marine geologists, petrologists, sedimentologists, stratigraphers, 
paleogeographers, and petroleum geologists coming from eighteen countries and 
working for the petroleum industry, academia, and other institutions, both public 
and private. 

The TRANSMED Atlas (printed volume plus CD-ROM) strives to provide an up- 
dated overview of the geological and geophysical fabric of the Mediterranean region. 
The printed volume contains three chapters: an introductory chapter on the main geo- 
logical and geophysical features, a chapter on the lithospheric structure as imaged by 
mantle tomography, and a chapter on the paleogeographic-paleotectonic evolution 
of the study area. The CD-ROM includes eight lithospheric transects across signifi- 
cant domains of the Mediterranean region and the surrounding areas. Each transect 
was drawn at 1 : 1 000 000 scale (with no vertical exaggeration) in two versions: 
chronolithostratigraphic (rock units are divided solely according to their age) and 
tectonic (rock units are divided according to their tectonic affiliation). Chronostrati- 
graphic subdivisions follow the International Stratigraphic Chart by UNESCO-IUGS 
(2000); tectonic affiliations follow with some modifications the scheme developed for 
the North American Continent-Ocean Transects Program (see Speed 1991). 

The transects provide a comparative view of the complex Phanerozoic structure 
of the Mediterranean region and the surrounding areas using a standardized format, 
and portray the nature and sequence of events in the tectonic evolution with a tec- 
tonic coding scheme. Each transect is accompanied by an explanatory text with fig- 
ures as well as by a series of clickable insets (seismic lines, well logs,lithochronostrati- 
graphic charts, detailed maps, etc.) providing data in support of the interpretation 
shown in the transects. All transects were drawn following the same legends although 
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some leeway was given to the various working groups to accommodate the varying 
amounts of data and detail available for the different regions. 

The TRANSMED Atlas is geared towards ( i ) all Earth scientists working in the 
Mediterranean domain, particularly those willing to put the results of their own re- 
search within a wider framework, (ii) those unfamiliar with the Mediterranean, and 
( iii ) university teachers looking for a source of synthetic information for a course in 
Mediterranean regional geology. We hope this compilation will serve as a synthesis of 
the current state of knowledge on the geology of the Mediterranean domain and will 
stimulate further research in this geologically fascinating region. 



W. Cavazza, F. Roure, W. Spakman, G. M. Stampfli, P. A. Ziegler 
Bologna, Paris, Utrecht, Lausanne, and Basle, May 2004 
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Fig. 0.1 . Map showing the study area and the geological transects described in the CD portion of the publication 
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Chapter 1 

The Mediterranean Area and the Surrounding Regions: 
Active Processes, Remnants of Former Tethyan Oceans 
and Related Thrust Belts 



William Cavazza • Francois Roure • Peter A. Ziegler 



Abstract 

The Mediterranean domain provides a present-day geo- 
dynamic analog for the final stages of a continent-conti- 
nent collisional orogeny. Over this area, oceanic lithos- 
pheric domains originally present between the Eurasian 
and African- Arabian plates have been subducted and par- 
tially obducted, except for the Ionian basin and the south- 
eastern Mediterranean. A number of interconnected, yet 
discrete, Mediterranean orogens have been traditionally 
considered collectively as the result of an ‘Alpine” orog- 
eny, when instead they are the result of diverse tectonic 
events spanning some 250 Myr, from the late Triassic to 
the Quaternary. To further complicate the picture, through- 
out the prolonged history of convergence between the 
two plates, new oceanic domains have been formed as 
back-arc basins either ( i ) behind active subduction zones 
during Permian-Mesozoic time, or (iz) associated with 
slab roll-back during Neogene time, when during advanced 
stages of lithospheric coupling the rate of active subduc- 
tion was reduced. The closure of these heterogenous oce- 
anic domains produced a system of discrete orogenic belts 
which vary in terms of timing of deformation, tectonic set- 
ting and internal architecture, and cannot be interpreted 
as the end product of a single Alpine orogenic cycle. 

Similarly, the traditional paleogeographic notion of a 
single - albeit complex - Tethyan ocean extending from 
the Caribbean to the Far East and whose closure pro- 
duced the Alpine-Himalayan orogenic belt must be dis- 
carded altogether. Instead, the present-day geological 
configuration of the Mediterranean region is the result 
of the opening and subsequent consumption of two ma- 
jor oceanic basins - the Paleotethys (mostly Paleozoic) 
and the Neotethys (late Paleozoic-Mesozoic) - and of 
additional smaller oceanic basins, such as the Atlantic 
Alpine Tethys, within an overall regime of prolonged in- 
teraction between the Eurasian and the African- Arabian 
plates. Paradoxically, the Alps, that have long been con- 
sidered as the classic example of Tethys-derived orogen, 
are instead the product of the consumption of an east- 
ward extension of the central Atlantic ocean, the middle 
Jurassic Alpine Tethys, and of the North Atlantic ocean, 
the middle Cretaceous Valais ocean. 



1.1 Introduction 

From the pioneering studies of Marsili - who singlehand- 
edly founded the field of oceanography with the publi- 
cation in 1725 of the Histoire physique de la mer , a scien- 
tific best-seller of the time (Sartori 2003) - to the tech- 
nologically most advanced cruises of the R/V JOIDES 
Resolution , the Mediterranean Sea has represented a cru- 
cible of scientific discoveries. Similarly, the peri-Medi- 
terranean terranes on land have been accurately surveyed 
over the centuries by amateur, academic and industrial 
geologists alike, and some locations have represented 
geological training grounds for several generations of 
Earth scientists. 

Although relatively small on a global scale - its area 
being roughly equivalent to half of that of the People’s 
Republic of China - the Mediterranean region has an 
exceedingly complex geological structure. For example, 
tectonic activity here spans from the Panafrican orog- 
eny (Precambrian) of the Gondwanan, northern Africa 
craton to the destructive present-day seismicity along 
the North Anatolian Fault. Many important ideas and 
influential geological models were developed based on 
research undertaken in the Mediterranean region. For 
example, the Alps are the most studied orogen in the 
world, their structure has been elucidated in great de- 
tail for the most part and has served as an orogenic 
model applied to other collisional orogens. Ophiolites 
and olistostromes were defined and studied for the first 
time in this region. The Mediterranean Sea has possibly 
the highest density of DSDP/ODP sites in the world, and 
extensive research on its Messinian deposits and on their 
on-land counterparts provided a spectacular example 
for the generation of widespread basinal evaporites. 
Other portions of this region are less well understood 
and are now receiving much international attention. 

Apart from its historical and cultural importance as 
a crossroad among various religions, trade routes and 
civilizations, the Mediterranean constitues also a geo- 
logical transition between the Middle East and the At- 
lantic, as well as between Europe and Africa. For exam- 
ple, the Mediterranean represents a proxy of the long- 
lasting interactions between Eurasia and Gondwana, 
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with successive episodes of continental break-up and 
oceanic development, subduction, continental collision 
and orogeny. The Neotethyan oceanic domain initiated 
during the Permian in the eastern part of the Mediter- 
ranean, separating progressively the Gondwanan conti- 
nental margin to the south from the Eurasian margin to 
the north. Opening in a scissor-like fashion, the Neo- 
tethys widened toward the east where it was connected 
with the world ocean, whereas it remained closed to the 
west until the onset of spreading in the central Atlantic 
during the Jurassic. As a result, oceanic crust in the for- 
mer Tethyan domains and in currently allochthonous 
ophiolitic units still preserved in Alpine thrust belts dis- 
play a wide range of ages, depending on whether they 
are derived from the Neotethys (in areas already oce- 
anic before the Jurassic) or from younger Piedmont- 
Ligurian-Carpathian oceanic domains once connected 
with the Atlantic (see Stampfli and Borel, this volume). 
The present-day Mediterranean Sea is a composite ar- 
ray of oceanic and continental domains of various af- 
finities, including remnants of the Neotethys in the east- 
ernmost Mediterranean and the Ionian Sea, neoformed 
oceanic basins in the western Mediterranean, and shal- 
low epicontinental seas like the Adriatic. 

This contribution is by no means intended as a thor- 
ough description of the geological structure of the Medi- 
terranean region. This and the following two chapters 
by Spakman and Wortel and by Stampfli and Borel aim 
at (z) providing the reader unfamiliar with the Mediter- 
ranean domain with an updated, yet opinionated, over- 
view of such complex area, particularly in terms of de- 
scription of those geological-geophysical features which 
the authors deem representative, and ( ii ) setting the stage 
for the TRANSMED CD-ROM which contains detailed 
information on the majority of the most significant ar- 
eas of the Mediterranean. Fulfilling these tasks clearly 
involved (over) simplification of a complex matter and 
in some cases rather drastic choices had to be made 
among different explanations and/or models proposed 
by various authors. Similarly, only the main references 
are cited and the interested reader should refer to the 
CD for further details on the vast research dedicated to 
the area. In the search for clarity and conciseness we plead 
guilty of deliberate simplifications and omissions. 



1.2 Mediterranean Fold-and-thrust Belts 

The Mediterranean domain is dominated geologically by 
a system of connected fold-and-thrust belts and associ- 
ated foreland and back-arc basins (Fig. 1.1). These belts 
cannot be interpreted as the end product of a single “Al- 
pine” orogenic cycle as they vary in terms of timing, tec- 
tonic setting and internal architecture (see, for example, 
Dixon and Robertson 1984; Ziegler and Roure 1996). In- 
stead, the major suture zones of this area are the result of 



complex tectonic events which closed different oceanic 
basins of variable size and age (see Stampfli and Borel, 
this volume). In addition, some Mediterranean foldbelts 
developed by inversion of intracontinental rift zones (e.g. 
Atlas, Iberian Chain, Provence-Languedoc, Crimea). The 
Pyrenees - somehow transitional between these two end 
members - evolved out of a continental transform rift 
zone. 

A large wealth of data - including deep seismic sound- 
ings, seismic tomographies, paleomagnetic and gravity 
data, and palinspastic reconstructions - constrains the 
lithospheric structure of the various elements of the 
Mediterranean Alpine orogenic system and indicates that 
the late Mesozoic and Paleogene convergence between 
Africa- Arabia and Europe has totalled hundreds of kil- 
ometers. Such convergence was accomodated by the sub- 
duction of oceanic and partly continental lithosphere (de 
Jong et al. 1993), as indicated also by the existence of 
lithospheric slabs beneath the major fossil and modern 
subduction zones (e.g. Spakman et al. 1993; Wortel and 
Spakman 2000; Spakman and Wortel, this publ.). The 
Mediterranean orogenic system features several belts of 
tectonized and obducted ophiolitic rocks which are lo- 
cated along often narrow suture zones within the alloch- 
thon and represent remnants of former extensional ba- 
sins. Some elements of the Mediterranean orogenic sys- 
tem, such as the Pyrenees and the Greater Caucasus, may 
comprise local ultramafic rock bodies but are devoid of 
true ophiolitic sutures. Following is a very concise de- 
scription - largely abstracted from the text accompany- 
ing the TRANSMED transects - of the main fold-and- 
thrust belts of the Mediterranean orogenic system. 

The Pyrenees run between the Bay of Biscay and the 
Gulf of Lion for a length of about 450 km and a width of 
50-100 km. In spite of some differences in terms of chro- 
nology and structural style, the Pyrenees are physically 
linked to the Languedoc-Provence orogen of southern 
France and - ultimately - to the western Alps. Overall, the 
Pyrenees are characterized by an asymmetric and biver- 
gent, V-shaped upper crustal wedge which developed 
along the collision zone between the Iberian and the 
Eurasian plates, where limited continental subduction of 
the Iberian lower crust and lithospheric mantle under- 
neath the European plate occurred. The northern wedge 
is formed by a northward directed stack of thrusts; the 
southern wedge is wider and shows greater displacement 
and cumulative shortening. The analysis of kinematic 
indicators point to a convergence nearly orthogonal to 
the Iberia-Eurasia plate boundary through most of the 
tectonic evolution of this area (see TRANSMED Tran- 
sect II). There is no consensus on the exact nature and 
geometry of the deeper crustal levels beneath the Pyr- 
enees: previous studies (e.g. ECORS Pyrenees Team 1988; 
Torne et al. 1989) pointed to a narrow and thinner lithos- 
pheric root than the one shown by Roca et al. (this publ.). 
At any rate, the Pyrenees are characterized by a limited 
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Fig. 1 .1 . Digital terrain model of the Mediterranean region with major, simplified geological structures. White thrust symbols indicate the submarine deformation front along the Ionian and eastern 
Mediterranean accretionary wedges. Shown are the traces of the eight TRANSMED transects included and discussed in the CD-ROM. AR, Algerian basin; AS, Alboran Sea; AdS, Adriatic Sea; AeS, 
Aegean Sea; RS, Black Sea; C, Calabria-Peloritani terrane; CCR, Catalan Coast Range; Cr, Crimea; Cf, Crete; Cy, Cyprus; EEP, East European platform; HP, High Plateaux; KM, Kirsehir Massif; JC, Iberian 
Chain; IL, Insubric line; IS , Ionian Sea; LS, Levant Sea; LiS , Libyan Sea; MA, Middle Atlas; MM, Moroccan Meseta; MP, Moesian platform; PR, Provencal basin; PaB, Pannonian basin; PS, Pelagian Shelf; 
RM, Rhodope Massif; S, Sicilian Maghrebides; SP, Saharan platform; 7 A, Tunisian Atlas; TS, Tyrrhenian Sea; VT, Valencia trough (from Cavazza and Wezel 2003, modified) 
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crustal root, in agreement with relatively small lithos- 
pheric contraction during the late Senonian-Paleogene 
Pyrenean orogeny. In contrast to the Iberian Moho, the 
European Moho shallows toward the Axial Zone of the 
Pyrenees, pointing to a pre-orogenic thinning of the Eu- 
ropean crust in the vicinity of former Albian rift basins. 
As pointed out by Ziegler and Roure (1996), some Al- 
pine-age Mediterranean chains (western and eastern Car- 
pathians, parts of the Apennines) are also characterized 
by relatively shallow crustal roots and by a Moho which 
shallows progressively toward their internal zones. How- 
ever, unlike the Pyrenees where crustal thinning in the 
European foreland predates the orogeny, such geometry 
of the Moho probably results from the extensional col- 
lapse of the internal parts of these orogens, involving 
structural inversion of thrust faults and lower-crust ex- 
humation on the footwalls of metamorphic core com- 
plexes. 

The Pyrenees originated from the tectonic inversion 
of Triassic-Cretaceous rift systems that had developed 
during the fragmentation of southern Variscan Europe 
and western Tethys in conjunction with the break-up of 
Pangea, the opening of the central Atlantic and the Bay 
of Biscay, and the resulting rotation of Iberia (see Roca 
et al. and Stampfli and Borel, this publ., for a review). 
Convergence occurred from late Santonian to middle 
Miocene times as the African-Iberian plates moved gen- 
erally northward against Europe. The Pyrenees are 
flanked by two main foreland basins, the Aquitaine ba- 
sin to the north and the Ebro basin to the south (see 
TRANSMED Transect II). 

From west to east, the Alps extend from the Gulf of 
Genoa to the Vienna basin, where their connection with 
the Carpathians can be traced only in the subsurface. 
Based on tectonic vergence, the Alps can be subdivided 
across tectonic strike into (i) a Europe-vergent belt of 
Cretaceous-Neogene age and (ii) the Southern Alps, a 
subordinate and shallower south-verging fold-and- 
thrust belt of Neogene age (see Dal Piaz et al. 2003, and 
contributions in Moores and Fairbridge 1997, for an in- 
troduction to the Alps). Overall, the Alpine orogen is 
highly asymmetric, being volumetrically dominated by 
north-vergent tectonic structures, whereas the South- 
alpine structures are surficial (see Pfiffner et al. 1996; 
Roure et al. 1996; TRANSALP Working Group 2002; 
Schmid et al., this publ.). 

The Alps record the closure of different oceanic ba- 
sins during the Late Cretaceous and Cenozoic conver- 
gence of the African (or Apulian) and European plates. 
Despite being the birthplace of cylindrism, the Alps dis- 
play significant along- strike changes in their overall ar- 
chitecture, thus supporting the notion that the oceanic 
and continental paleogeographic domains from which 
the Alpine tectonic units derive were arranged in a rather 
non-cylindrical fashion (see Stampfli and Borel, this 
publ., and references therein). This is reflected by the 



areal arrangement of the Alpine terranes, in the deep 
structure of the Alps, and in the different ages of meta- 
morphism (see Schmid et al., this publ., for a review). 
For example, the eastern Alps are largely made up of 
tectonic units derived from Apulia, the Austroalpine 
nappes, while the western Alps are nearly exclusively 
composed of more external, and tectonically lower units 
of the European margin, the Brian^onnais terrane (a 
microcontinent rifted off Europe and separated from it 
by the narrow Valais ocean, which probably did not ex- 
tend into the eastern Alps) and the intervening oceanic 
units. The main metamorphic events are also irregularly 
distributed in time and space (Frey et al. 1999): Tertiary 
in the western Alps, Cretaceous in the Austroalpine units 
of the eastern Alps. The western Alps include outcrops 
of blueschists and coesite-bearing, eclogite-facies rocks 
formed at pressures of up to 30 kbar at depths which 
may have reached 100 km (Compagnoni 2003 and ref- 
erences therein). The lithosphere is thicker (ca. 200 km) 
in the western Alps, while it is in the order of 140 km 
along the central and eastern Alps. This supports the 
notion that collisional coupling was stronger to the west. 

Within this context, the Alps can be considered the 
product of two discrete orogenies: a Cretaceous one re- 
lated to the closure of an embayment of the Meliata 
ocean into Apulia, followed by a Tertiary one due to the 
closure of the Alpine Tethys between Apulia and Europe 
(Haas et al. 1995; Stampfli et al. 2001a, b). The former 
affected only what are now the Eastern Alps: this im- 
plies that the Austroalpine wedge contains two sutures, 
namely the Meliata and the Penninic sutures, both of 
which are associated with HP/LT rocks (Thoni 1999). 

The Alps continue eastward into the Carpathians, a 
broad (ca. 1500 km long) arcuate orogen which extends 
from Slovakia to Romania through Poland and Ukraine. 
To the south, the Carpathians merge with the east- west 
trending, north-verging Balkanides through a complex 
north- trending wrench system. Three major tectonic as- 
semblages are recognized (see, for example, Royden and 
Horvath 1988): the Inner Carpathians, made of Hercy- 
nian basement and Permian-lower Cretaceous rocks; the 
tectonic melange of the Pieniny Klippen belt; and the 
Outer Carpathians, a stack of rootless nappes made of 
early Cretaceous to early Miocene turbidites. All these 
units are thrust towards the foreland and partly over- 
ride shallow-marine/continental deposits of the fore- 
deep. Two distinct major compressional events are rec- 
ognized (e.g. Ellouz and Roca 1994): thrusting of the 
Inner Carpathians took place at the end of the Early Cre- 
taceous, while the Outer Carpathians underwent thrust- 
ing in the late Oligocene-Miocene. The present-day ar- 
cuate shape of this complex mountain belt is mostly the 
product of Neogene eastward slab retreat (e.g. Linzer 
1996) and displacements along shear zones. The recent 
seismic activity in the Romanian sector of the Carpathi- 
ans - the most severe seismic hazard in Europe today - 
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is inferred to be the final expression of such slab roll- 
back, involving delamination of the lower mantle-lithos- 
phere from the continental foreland (Sperner et al. 2004). 

The Balkanides are an east-west-trending, north- 
verging thrust belt located between the Moesian plat- 
form to the north and the Rhodope Massif to the south. 
Underneath the Black Sea, the Balkanides continue with 
a NW-SE trend. From north to the south, three domains 
can be recognized: the Fore-Balkan, Stara Planina (Bal- 
kans s.s.), and Srednogorie (Georgiev et al. 2001; see 
TRANSMED Transects III and VII). The Fore-Balkan is 
the transitional zone between the Balkan thrust belt 
front to the south and the Moesian platform, i.e. the fore- 
land, to the north. The transitional character is indicated 
by the lower degree of deformation of the foredeep de- 
posits affected only by the late stages of the orogeny and 
by the lack of Jurassic-Lower Cretaceous flysch. The 
Balkans (Stara Planina) are a complex system of north- 
verging nappes thrust over the South Carpathian units 
and the southern margin of the Moesian platform. Key 
characteristics of the Balkans are: (z) widespread Meso- 
zoic to Early Tertiary flysch; ( ii ) general lack of prod- 
ucts of Alpine magmatic activity; ( iii ) intense mid- 
Eocene compressional deformations in the central and 
eastern segments; (fv) relatively thick continental crust 
(38-34 km), gradually thinning toward the Moesian plat- 
form. The Balkans include thrust sheets of mid-Creta- 
ceous, Late Cretaceous and Paleogene age. The Sred- 
nogorie zone is a segment of a Late Cretaceous mag- 
matic belt that extends from former Yugoslavia, through 
Romania and Bulgaria into Turkey and the Lesser Cau- 
casus. This belt was interpreted by Boccaletti et al. (1974) 
as the remnant of a volcanic island arc related to north- 
ward subduction of Tethyan oceanic crust beneath the 
Eurasian continent. The Srednogorie zone in the area 
crossed by TRANSMED Transects III and VII is charac- 
terized by thick Upper Cretaceous volcano-sedimentary 
successions and numerous intrusive bodies of island- 
arc signature, and by main Late Cretaceous compres- 
sional deformation followed by mid-Eocene north-verg- 
ing thrusting over the Balkans s.s. 

The stable Adriatic (Apulian) platform is flanked to 
the east by the Dinarides which continue to the south- 
east into the Albanides and Hellenides. The Dinarides- 
Albanides-Hellenides are a fairly continuous orogenic 
belt connected with the southern Alps to the north. It 
derives from the collision in the Tertiary between the 
Adriatic promontory and the Serbo-Macedonian-Rho- 
dope block(s). Ophiolites are widespread and crop out 
along two parallel belts; these ophiolites were obducted 
in the late Jurassic and then involved in the Paleogene 
Alpine collision (Pamic et al. 2002). The Dinarides- 
Albanides are bordered to the west by a foredeep lying 
in the eastern Adriatic basin, filled by Eocene-Quater- 
nary turbiditic sediments (see Frasheri et al. 1996 for the 
Albanian sector). South of the Scutari-Pec transversal 



tectonic structure, the Albanides are characterized by 
thin-skinned thrust sheets which are detached from 
their basement at the level of Triassic evaporites. The 
Hellenides are bordered to the southeast by the Antalya 
convex zone, which separates them from the Taurides 
in the east. The Dinarides-Hellenides are the birthplace 
of the now abandoned concept of geosyncline, elabo- 
rated by Aubouin and co-workers in the 1960s. 

The Apennines of Italy are one of the youngest moun- 
tain chains in the world as they formed during Neo- 
gene-Quaternary time. In addition, during the last 3 Myr 
the Apennines have experienced significant shortening 
(80-200 km), uplift (up to 2.5 km) at fast rates (up to 
about 1 mm a -1 in the Apuane Alps, Calabria and the 
Peloritani Mts. of NE Sicily), and considerable subsid- 
ence (up to 5 km) at a relatively fast rate in the related 
peri- Adriatic foredeeps (e.g. 2.5 mm a -1 in the Po plain) 
(Vai and Martini 2001). 

Along their length the Apennines can be separated 
into two somewhat different arcuate segments: the 
northern segment is convex - and vergent - toward the 
northeast, the southern segment is convex - and ver- 
gent - toward the southeast. Structurally, the northern 
segment is a fairly regular orogenic wedge with in-se- 
quence thrusts and significant piggy-back basins; con- 
versely, the southern segment is more complex and has 
duplexes and widespread out-of-sequence thrusts. The 
southern segment was tectonically overridden by the 
Calabria-Peloritani terrane (Bonardi et al. 2001), a frag- 
ment of the Alpine Chain drifted off the Corsica-Sar- 
dinia block during the opening of the Tyrrhenian Sea 
(see following section). Only a few outcrops along the 
Tuscany coast of the Tyrrhenian Sea could suggest the 
existence of a similar terrane in the northen segment of 
the Apennines. 

The Apennines feature a series of detached sedimen- 
tary nappes involving Triassic-Paleogene shallow water 
and pelagic, mostly carbonate series and late Oligocene- 
Miocene turbidites, deposited in an eastward migrating 
foreland basin. A nappe made of ophiolitic melange 
(Liguride unit) is locally preserved along the Tyrrhenian 
coast. The Apennines have low structural and morpho- 
logical relief, involve crustally shallow (mainly sedimen- 
tary Mesozoic-Tertiary) rocks, and have been charac- 
terized by the coexistence during Neogene-Quaternary 
time of compression in the frontal (northeastern) por- 
tion of the orogenic wedge and widespread extension 
in its rear portion. The Apennines were generated by 
limited subduction of the Adriatic sub-plate toward the 
west. See Vai and Martini (2001) and Elter et al. (2003) 
for further details. 

The rock units of the Betic Cordillera of Spain and 
the Rif of northern Morocco form together an arc-shaped 
mountain belt encompassing the Alboran basin and re- 
ferred to as the the Gibraltar arc (see Frizon de Lamotte 
et al., this publ.). This orogenic system developed during 
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late Mesozoic to Cenozoic convergence and strike-slip 
movements between NW Africa and Iberia, and - not- 
withstanding a rather complex and locally cumbersome 
tectonostratigraphic nomenclature - it can be broadly 
subdivided into External Zones, Flysch nappes and In- 
ternal Zones. The Guadalquivir and Pre-Rif foreland ba- 
sins fringe the orogenic system north and south of the 
Gibraltar arc. 

The External Zones represent the deformed south- 
ern Iberian and northwestern African paleomargins of 
the Alpine Tethys (see Stampfli and Borel, this publ.) and 
consist of autochthonous, parautochthonous and/or 
allochthonous non-metamorphic Mesozoic and Terti- 
ary sedimentary covers which were detached during 
Miocene time from a Variscan basement, the Iberian and 
Moroccan Meseta, respectively. The Flysch nappes are 
derived from an oceanic or semi-oceanic basin overlain 
by Jurassic to Miocene deep-water sediments. These 
units, now deformed in an accretionary prism presently 
located in the western Betics and along the northern 
part of Africa from the Strait of Gibraltar to Tunisia, 
demonstrate the existence of a long oceanic basin fring- 
ing the North African paleomargin. The Internal Zones 
consist mainly of three nappe complexes of variable 
metamorphic grade, two of which can be traced all along 
the Gibraltar arc. The Internal Zones record an Alpine- 
age tectonometamorphic evolution, which includes an 
early high-pressure low-temperature event. These rel- 
ics of a former orogenic wedge are now megaboudins of 
the Alpine metamorphic belt, stretched and separated 
during later extensional episodes (see below); they are 
the remnants of older subduction processes and are 
present not only in the Betic-Rif orocline, but also in 
the Kabylies of Algeria (Caby et al. 2001) and in the Ca- 
labria-Peloritani terrane of Italy (Bonardi et al. 2001). 
Starting from the early Miocene, the Internal Zones were 
thrust onto the Flysch nappes, followed by the develop- 
ment of a thin-skinned fold- and- thrust belt in the Ex- 
ternal Zones. Contemporaneous crustal extension af- 
fected the center of the Gibraltar orocline, leading to the 
development of the Alboran Sea (see following section), 
which is floored by metamorphic rocks of the Internal 
Zones (Comas et al. 1999). 

The Tell of Algeria and the Rif are parts of the Magh- 
rebides, a coherent mountain belt longer than 2 500 km 
running along the coasts of NW Africa and the north- 
ern coast of the island of Sicily, which belongs geologi- 
cally to the African continent (see Elter et al. 2003, for 
an outline of the Sicilian Maghrebides). The Tell is mostly 
composed of rootless south-verging thrust sheets mainly 
emplaced in Miocene time. The internal (northern) por- 
tion of the Tell is characterized by the Kabylies, small 
blocks of European lithosphere composed of a Paleo- 
zoic basement complex nonconformably overlain by 
Triassic-Eocene, mostly carbonate sedimentary rocks. 



In the Maghrebian domain, despite the presence of 
contractional deformation at upper crustal levels, the 
lithosphere and crust do not show evidence of signifi- 
cant thickening. Gravity and heat-flow models (see 
TRANSMED Transect II) point to fairly constant crustal 
and lithospheric thicknesses of 35 km and 175-185 km 
that decrease rapidly near the coastline to reach low 
values offshore in Algerian basin. Such configuration 
could be explained by the presence of a detachment at 
the base of the upper crust and by the subduction of the 
underlying levels beneath the Iberian plate. However, 
mantle tomographic (Spakman et al. 1993), seismologi- 
cal (Buforn et al. 1995), gravity and heat-flow (Roca et al., 
this publ.) data argue against the presence of a subduct- 
ing slab along the northern border of Africa. This does 
not imply that such subduction zone did not exist in the 
past. In fact, seismic tomography provides evidence for 
a deep detached slab below the Tell (Carminati et al. 
1998b; Piromallo and Morelli 2003), in agreement with 
the petrological features of Neogene magmatism (e.g. 
Coulon et al. 2002). From this viewpoint, such detached 
slab is the remnant of the subduction responsible for 
the formation of the entire Maghrebides Chain. 

Two major mountain belts characterize the geologi- 
cal structure of Turkey: the Pontides and the Taurides 
(for a review, see Stephenson et al., this publ.). The Pon- 
tides are a west-east-trending mountain belt traceable 
for more than 1200 km from the Strandja zone at the 
Turkey-Bulgaria border to the Lesser Caucasus; they are 
separated from the Kirsehir Massif to the south by the 
Izmir- Ankara-Erzincan ophiolite belt. The Pontides dis- 
play important lithologic and structural variations along 
strike. The bulk of the Pontides is made of a complex 
continental fragment (Sakarya Zone) characterized by 
widespread outcrops of deformed and partly metamor- 
phosed Triassic subduction- accretion complexes over- 
lain by early Jurassic-Eocene sedimentary rocks. The 
structure of the Pontides is complicated by the presence 
of a smaller intra-Pontide ophiolite belt marking the su- 
ture between an exotic terrane (the so-called Istanbul 
Zone) and the Sakarya Zone, which in turn is separated 
from the Taurides to the south by the Izmir- Ankara su- 
ture. The Istanbul Zone has been interpreted as a por- 
tion of the Moesian platform which, prior to the Late 
Cretaceous opening of the west Black Sea was situated 
south of the Odessa shelf and collided with the Anatolian 
margin in the Paleogene (Okay et al. 1994; Gonciioglu 
et al. 2000). 

The Taurides are made of both allochthonous and, 
subordinately, autochtonous rocks. The widespread al- 
lochthonous rocks form both metamorphic and non- 
metamorphic nappes, mostly south-vergent, emplaced 
through multiphase thrusting between the Campanian 
and the ?Serravallian. The stratigraphy of the Taurides 
consists of rocks ranging in age from Cambrian to Mio- 
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cene, with a characteristic abundance of thick carbon- 
ate successions. The Izmir- Ankara suture represents the 
former plate boundary between the Pontides to the north 
and the Anatolide-Tauride block to the south, and it is 
marked by a zone of southward imbrication of Upper 
Cretaceous and Triassic accretionary complexes (see 
TRANSMED Transect VIII). The collision of these two 
continental domains started in the early Tertiary, while 
the continuing convergence and contractional tectonism 
persisted until the late Miocene (Okay et al. 2001). The 
appearance of the North Anatolian transform fault in 
the late Miocene marks the end of the north- south col- 
lision between Eurasia and Africa- Arabia. 

Most syntheses of the geology of the Mediterranean 
region have focused on the orogenic belts and have 
largely disregarded the large marginal intraplate rift / 
wrench basins located along the adjacent cratons of Af- 
rica- Arabia and Europe, ranging in age from Paleozoic 
to Cenozoic. Peritethyan extensional basins are instead 
key elements for understanding the complex evolution 
of this area as their sedimentary and structural records 
document in detail the transfer of extensional and com- 
pressional stress from plate boundaries into intraplate 
domains (see contributions in Roure 1994, Stampfli et al. 
2001b, and Ziegler et al. 2001b). The development of the 
peritethyan rift/wrench basins and passive margins can 
be variably related to the opening of the Tethyan system 
of oceanic basins and the Atlantic and Indian oceans 
(Stampfli and Borel, this publ.). Some of these basins 
are still preserved whereas others were structurally in- 
verted during the development of the Alpine-Mediter- 
ranean system of orogenic belts or were ultimately in- 
corporated into it. Examples of inversion include the 
Iberian Chain and Catalonian Coast Range (Fig. 1.1) 
which formed during the Paleogene phases of the 
Pyrenean orogeny through inversion of a long-lived 
Mesozoic rift system which developed in discrete pulses 
during the break-up of Pangea, the opening of the Al- 
pine Tethys and the north Atlantic ocean (Salas et al. 
2001). The Mesozoic rift basins of the High Atlas of 
Morocco and Algeria underwent a first mild phase of 
inversion during the Senonian followed by more intense 
deformation during the late Eocene. This main inver- 
sion phase has been interpreted as resulting either from 
far-field stress transferred across the oceanic crust of 
the Maghrebian Tethys in response to its accelerated 
northward subduction beneath Iberia (Frizon de La- 
motte et al. 2000) or from the arrival of an unspecified 
obstacle in the trench (Ziegler et al. 2002). After detach- 
ment of the Kabylian terrane from Iberia and its Lang- 
hian collision with North Africa, increased coupling be- 
tween the Kabylian orogenic wedge and its foreland gave 
rise to further inversion of the Atlas troughs during 
Serravallian-Tortonian times and, after slab detachment, 
during the Pliocene-Quaternary. 



1.3 Mediterranean Marine Basins 

The modern marine basins of the Mediterranean do- 
main are heterogeneous both in terms of age and geo- 
logical structure. They are floored by 

1. thick continental lithosphere (Adriatic Sea), 

2. continental lithosphere thinned to a variable extent 
(Alboran Sea, Valencia trough, Aegean Sea) up to de- 
nuded mantle (central Tyrrhenian Sea), 

3. relics of the Permo-Triassic Neotethyan oceanic do- 
mains (Ionian and Libyan Seas, E Mediterranean), and 

4. oceanic crust of back-arc basins of Late Cretaceous- 
Paleogene age (Black Sea) or Neogene age (Algero- 
Proven^al basin). 

In detail, several of these basins have a more com- 
plex structure: for example, only the central, areally sub- 
ordinate portion of the Black Sea is made of oceanic 
crust - which, in turn, can be subdivided in two smaller 
oceanic domains of different ages - whereas all the rest 
of it is made of stretched continental crust. 

1. The Adriatic Sea is floored by 30-35 km thick conti- 
nental crust whose upper portion is mostly made of 
a thick succession of Permian-Paleogene platform 
and basinal carbonates. The Adriatic Sea is fringed 
to the west and east by the flexural foredeep basins 
of the Apennines and Dinarides, respectively, where 
several kilometers of synorogenic sediments were 
deposited during the Oligocene-Quaternary. The 
Mesozoic Adriatic domain has been considered a con- 
tinental promontory of the African plate (e.g., Chan- 
nel et al. 1979; Muttoni et al. 2001); this domain - also 
referred to as Adria - includes not only what is now 
the Adriatic Sea but also portions of the Southern 
Alps, Istria, Gargano and Apulia. The southern Adri- 
atic Sea (crossed by TRANSMED Transect III) is char- 
acterized by the updoming of the Adriatic lithosphere 
both on land (in the Puglia peninsula) and offshore 
Italy (Carminati et al., this publ.). A broad anticline 
of 100-150 km wavelength exposes part of the fore- 
land in the Puglia peninsula; such updoming prob- 
ably constitutes a forebulge related to the subduction 
of thick Adriatic lithosphere under the southern Ap- 
ennines since the Pliocene (Doglioni et al. 1994). 

2. The Alboran Sea is floored by thinned continental 
crust (down to a minimum of 15 km) and is bounded 
to the north, west and south by the Betic-Rif orocline. 
Where sampled by drilling or dredging, the basement 
of the Alboran Sea consists of metamorphic rocks 
similar to those of the internal domain of the Rif- 
Betics. The acoustic basement along several deep seis- 
mic profiles is locally formed by volcanic rocks (ba- 
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saltic andesites to rhyolites) from calc-alkaline series 
10 Ma old. (Frizon de Lamotte et al., this publ.). Dur- 
ing the Miocene, considerable extension in the Albo- 
ran domain and in the adjacent internal domain of 
the Betic-Rif occurred coevally with thrusting in the 
more external zones of these mountain belts. Syn-rift 
sediments are early Burdigalian to late Serravallian in 
age (Comas et al. 1999). Such late-orogenic extension 
can be interpreted as the result of westward roll-back 
of the subducted African lithospheric slab whereby 
thickened continental crust extends rapidly as the 
subduction zone retreats (Lonergan and White 1997; 
Gutscher et al. 2002). 

The Valencia trough is located between the Ibe- 
rian mainland and the Balearic Islands. Together with 
the Liguro-Proven<;al basin to the NE, it constitutes 
the oldest western Mediterranean basin, although the 
Valencia trough displays younger syn-rift deposits, 
thus indicating a progressive southwestward rift 
propagation from southern France (Camargue, Gulf 
of Lion) (Roca 2001). Overall, both basins are charac- 
terized by water depths of up to 2 200 m and by an 
Oligocene-to-Recent sedimentary fill ranging in thick- 
ness between 2 and 6 km. The Valencia trough is 
floored by continental crust which was consolidated 
during the Variscan orogeny and was extended dur- 
ing the Mesozoic rifting phases preceding the middle 
Jurassic opening of the oceanic Atlantic-Tethys basin 
and the mid-Cretaceous opening of the Bay of Bis- 
cay-Pyrenean basin (see Stampfli and Borel, this 
publ.). The Mesozoic rift basins in the area of the Va- 
lencia trough were inverted and uplifted during latest 
Cretaceous-Paleogene time, thus inducing the devel- 
opment of a major unconformity. Finally, the Varis- 
can basement and its Mesozoic sedimentary cover un- 
derwent extension starting from the late Chattian 
(Roca et al.,this publ.). Main extensional deformation 
in the Valencia trough took place during late Oligo- 
cene-Aquitanian times although most faults were also 
active during the entire duration of the early Miocene, 
as indicated by large lateral thickness variations; a few 
coastal faults were active throughout the Miocene. 

The Aegean Sea is located in the upper plate of the 
Hellenic subduction zone. The arcuate structure of the 
southern Aegean Sea features the geological and geo- 
physical characteristics typical of an island arc. A 
Benioff plane defined by seismicity dips from the 
Hellenic trench towards the NNE as deep as 180 km, 
and a calcalkaline volcanic arc outlines its curvature. 
South of the volcanic arc the southern portion of the 
Aegean Sea is a fore- arc basin (see TRANSMED Tran- 
sect VII). Crustal-scale extension in this region has 
been accommodated by shallow-dipping detachment 
faults, has started at least in the early Miocene, and 
continues today in areas like the Corinth-Patras rift 



and the southern Rhodope Massif in western Turkey. 
Miocene extension was accompanied by exhumation 
of metamorphic rocks in core complexes and by the 
intrusion of granitoid and monzonitic magmas at 
upper crustal levels. The northern Aegean Sea is char- 
acterized by a complex fault pattern resulting from 
east-west-trending strike-slip movements related to 
the westward propagation of the North Anatolian fault 
and from north-south-trending extension. According 
to Jolivet (2001), the engine for Aegean extension is 
gravitational collapse of a thick crust, allowed by ex- 
tensional boundary conditions provided by slab re- 
treat. From this viewpoint, the rather recent tectonic 
“extrusion” of Anatolia added only a rigid component 
to the long-lasting crustal collapse in the Aegean region. 

The Tyrrhenian Sea is the youngest Mediterranean 
basin: the oldest sedimentary deposits filling the rift- 
related grabens along its western and eastern mar- 
gins are ?Serravallian-Tortonian, thus marking the age 
of the onset of extension in this region (e.g. Kastens 
et al. 1990; Mattei et al. 2002). The development of the 
Tyrrhenian basin has been interpreted as resulting 
from back-arc extension above the NW-dipping Io- 
nian subduction zone, possibly with a significant com- 
ponent of passive subduction (see Carminati et al., this 
publ., for further details). The presence of young ba- 
saltic bodies in the deepest portions of the Tyrrhenian 
basin has been somehow overemphasized in the past, 
leading to a vision of the central Tyrrhenian basin as 
underlain by true oceanic crust. The results of the re- 
processing of preexisting geophysical data integrated 
with more recent acquisitions indicate that basalts in 
the central Tyrrhenian are volumetrically limited and 
that the deepest portions of the basin are mostly made 
of denuded serpentinized mantle overlain by a veneer 
of sediments (TRANSMED Transect III). At the scale 
of the entire Tyrrhenian Sea, the vast majority of the 
basin is floored by stretched continental crust form- 
ing rotated blocks bounded by listric, crustal-scale 
faults flattening close to the Moho. This structural 
configuration is particularly clear in the western part 
of the basin whereas along the Italian peninsula nor- 
mal faults tend to have a higher dip angle and the 
stretching factor is lower. North of the 41 st parallel the 
Tyrrhenian Sea shows only a limited degree of crustal 
stretching. 

3. The exact nature of the lithosphere underlying the 
Ionian-Libyan Sea and the eastern Mediterranean 
has been the topic of much debate, being interpreted 
either as a relic of oceanic crust (Biju-Duval et al. 1977; 
Vai 1994) or as thinned continental crust (Giese et al. 
1982). The timing of the opening of these connected 
basins has also been a matter of discussion, with age 
attributions ranging from the late Paleozoic (Vai 1994) 
to the Cretaceous (Dercourt et al. 1985, 1993, 2000). 
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For the eastern Mediterranean most authors indicate 
a Late Triassic or Early Jurassic opening (Garfunkel 
and Derin 1984; Sengor et al. 1984; Robertson et al. 
1996). The presence of a continental crust in the Io- 
nian basin was postulated mainly on the evidence of 
the overall thickness of the crust (ca. 20 km; deduced 
from the dispersion of seismic surface waves) and the 
low heat flow. The issue of the nature of the crust in 
the deep portions of the Eastern Mediterranean ba- 
sins was solved by De Voogd et al. (1992) with a two- 
ship refraction and oblique deep seismic survey 
showing a relatively thin crust (8-11 km) overlain by 
a thick pile of sediments (up to 10 km) (see also 
Finetti in press). Recent palinspastic reconstructions 
based on all available geological-geophysical evidence 
(e.g. Stampfli and Borel, this volume) point to the 
presence of old (Permian?) oceanic crust underneath 
a thick pile of Mesozoic and Cenozoic sediments 
which hampers direct sampling and dating. The Io- 
nian-Libyan Sea and the eastern Mediterranean are 
currently being subducted beneath the Calabria- 
Peloritani terrane of southernmost Italy (see Bonardi 
et al. 2001, for a review) and the Crete-Cyprus arcs, 
respectively (Fig. 1.1). 

4. The more than 2 000 m deep Black Sea is partly 
floored by oceanic crust and probably represents the 
remnant of a composite Cretaceous-Eocene back-arc 
basin which developed on the upper plate during 
north-dipping subduction of the Neotethys (see 
Stampfli and Borel, this volume). Seismic studies and 
field evidence in the regions surrounding the Black 
Sea indicate that its geological make-up is the result 
of the post-rift coalescence of two different exten- 
sional basins (Zonenshain and LePichon 1986; Finetti 
et al. 1988; Robinson 1997). Rifting of the western Black 
Sea began in the middle Early Cretaceous (Okay et al. 
1994) with the separation of a lithospheric fragment 
(the Istanbul Zone of Okay and Tuysiiz 1999) from the 
Odessa shelf, i.e. the offshore continuation of the 
Moesian platform of Romania and Bulgaria. Opening 
of the western Black Sea came to an end during the 
early Eocene when the southward drifting of the Is- 
tanbul Zone led to collision with Anatolia to form the 
western Pontides. The age of rifting of the eastern 
Black Sea is not as well constrained because the rel- 
evant stratigraphy is poorly exposed. Nonetheless, 
several lines of evidence (see Spadini et al. 1996, for a 
review) support the hypothesis that the eastern Black 
Sea developed between the Paleocene and the middle 
Eocene. The crustal structure of the Black Sea is well 
constrained by a number of geophysical studies (e.g. 
Belousov et al. 1988). Beneath the central western Black 
Sea the Moho rises to a depth of about 20 km, includ- 
ing as much as 15 km of post-rift sedimentary fill; the 
Moho depth increases to 40-45 km both to the north 



(Russian platform) and to the south (Pontides). Be- 
neath the eastern Black Sea the Moho rises to about 
25 km and the thickness of the post-rift succession is 
about 13 km. Clear-cut magnetic anomalies are absent 
in both sub-basins, possibly the effect of the huge 
thickness of post-rift sediments. 

Rifting in the Provencal basin area occurred at least 
from the Oligocene (34 Ma) to the middle Aquitanian 
(21 Ma), according to the age of the sediments drilled 
in the Gulf of Lion, just beneath the break-up uncon- 
formity (Gorini et al. 1993). Drifting and the creation 
of the central, oceanic portion of the basin took place 
in the Burdigalian, as indicated by paleomagnetic data 
(Vigliotti and Langenheim 1995) and by the transi- 
tion from syn-rift to post-rift subsidence of its mar- 
gins (Vially and Tremolieres 1996; Roca 2001). It is a 
commonly held notion that the Provencal basin is a 
partly oceanised back-arc basin produced by the 
southeastward roll-back of the Apennines-Maghre- 
bides subduction (see Carminati et al., this publ., for 
further details). Paleomagnetic studies (Alvarez et al. 
1974; Vigliotti and Langenheim 1995; Speranza et al. 
2002) indicate a counterclockwise rotation of the Cor- 
sica-Sardinia block between 19 Ma and 16 Ma (Bur- 
digalian), synchronous with the formation of oceanic 
crust in the Provencal basin. In a pre-rotation fit, Cor- 
sica is to be considered adjacent to Provence and the 
original position of Sardinia was in the centre of the 
present-day Provencal basin, far from the continental 
slope of the Gulf of Lion. 

The Algerian basin is located between the Balearic 
block and the North African coast and morphologi- 
cally represents the continuation of the Provencal ba- 
sin toward the southwest. In the absence of deep drill- 
ing in the Algerian basin, little is known on the age 
and characteristics of its sedimentary fill whose stra- 
tigraphy has been inferred by correlation with better 
known areas nearby (Mauffret et al. 1973; Sans and 
Sabat 1993)- However, the prominent difference in the 
thickness of Miocene sediments between the Prov- 
encal basin (4 km) and the Algerian basin (1.8 km) 
suggests that the latter is younger (Roca et al., this 
publ.). Despite the absence of direct evidence, the thin 
crust (4-6 km) of the Algerian basin is probably oce- 
anic (Hinz 1972) and can be compared to the oceanic 
crust (about 5 km thick) of the Provencal basin to the 
northeast (Pascal et al. 1993). The age of the Algerian 
basin must be pre-Messinian, as the oldest dated de- 
posits filling the basin are Messinian. The unloaded 
depth of the basement gives an apparent age of 20 Ma 
whereas the 125 mW m -2 heat flow of the East Albo- 
ran basin corresponds to an apparent age of 16 Ma. 
Tomographic studies (Carminati et al. 1998a, b) and 
the magmatic history (Maury et al. 2000) suggest an 
age comprised between 15 Ma and 10 Ma. 
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Fig. 1.2. a Surface heat-flow data (mW m~ 2 ; contour interval 5 mW m~ 2 ); b calculated crustal thickness (contour interval 2.5 km); 
c calculated lithospheric thickness, contour interval 10 km. After Jimenez-Munt et al. (2003) 
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1.4 Geological-geophysical Baseline 

1.4.1 Heat Flow 

Figure 1.2a is a schematic surface heat-flow map of the 
Mediterranean area and the surrounding regions. There 
is a good correlation between lithospheric thickness 
(Fig. 1.2c) and heat-flow values. The entire southern por- 
tion of western and central Europe is subject to normal 
or high heat flow, with higher values in south-central 
France (Massif Central), northern Switzerland and the 
Pannonian basin. The western Mediterranean basins 
show the highest heat-flow values: 60-100 mW m~ 2 in the 
Gulf of Lion and Provencal basin, around 100 mW nr 2 in 
the southern part of the Algerian basin, and values in 
excess of 120 mW nr 2 in the deepest portion of the Tyr- 
rhenian Sea, thus suggesting that heat flow is inversely 
proportional to the age of rifting/drifting of the basins 
(Carminati et al., this publ.). Other regions of relatively 
high heat flow are Anatolia and the Aegean Sea. 

Low heat flows (< 50 mW m -2 ) are present in the Adri- 
atic and Ionian Seas and in the Eastern Mediterranean, 
all areas characterized by old lithosphere (either conti- 
nental - Adriatic - or oceanic - Ionian and eastern Medi- 
terranean) and by thick sedimentary successions. An- 
other area of low heat flow is the Black Sea, where up to 
15 km of sediments have blanketed the floor of this com- 
posite Cretaceous-Eocene back-arc basin (see Stephen- 
son et al., this publ.). 



1.4.2 Crustal and Lithospheric Structure 

Figure 1.2b and c depict the overall structure of the crust 
and lithosphere, respectively, over the Mediterranean 
region. The depth of the Moho varies approximately be- 
tween 5 and 50 km. Minimum crustal thickness of about 
5-15 km is found in oceanic domains such as - from west 
to east - the Algero-Proven^al basin, the Tyrrhenian Sea, 
the Ionian Sea, and the E Mediterranean basins ( Jimenez- 
Munt et al. 2003). The crust is thick beneath the orogenic 
belts, like the Atlas, the Alps, and the Dinarides; a broad 
region of crustal thickening is present in eastern Anato- 
lia. Significant crustal thinning is present in the Pannon- 
ian basin. 

More detail on the crustal structure of the western 
Mediterranean (and NW European) region is shown in 
Fig. 1.3, a compilation of the most recent sources (Dezes 
and Ziegler 2002). At this scale it is possible to appreci- 
ate details otherwise lost. These include (i) the signifi- 
cant crustal root of the Pyrenees, (if) the extremely shal- 
low Moho in areas of the Tyrrhenian Sea, where the 
mantle has been denuded (see Transect III, this publ.), 
and (iii) crustal thickening along the frontal part of the 
northern Apennines produced by thrust stacking and 
syntectonic sedimentation. 



Lithospheric thickness (Fig. 1.2c) reaches minimum 
values in the Algero- Provencal and Tyrrhenian basins, 
both sites of Neogene extension. Conversely, the much 
older (Permian-Triassic?) Ionian and Levant oceanic 
basins have a thicker lithosphere. 



1.4.3 Gravity 

Figure 1.4 shows the gravity field over most of the Medi- 
terranean region, with a few exceptions in eastern Eu- 
rope, Asia Minor and the Middle East (Wybraniec et al. 
2004). The figure shows Bouguer anomalies on land and 
free-air anomalies offshore. The general patterns of the 
Mediterranean gravity field can be explained to a large 
extent by the variation in Moho depth as well as by crus- 
tal-level igneous intrusions and the presence of large 
sedimentary basins. For instance, all major mountain 
ranges, including the Alps, Apennines, Carpathians, Pyr- 
enees, and Betic Cordillera, are associated with strong 
negative Bouguer anomalies (shown in blue-violet 
color), a natural consequence of crustal thickening be- 
neath the mountains. Sedimentary accumulations, such 
as the Po basin south of the Alps and north of the north- 
ern Apennines, are clearly associated with large nega- 
tive anomalies. The prominent lows in most of the Ibe- 
rian peninsula may indicate low-density mantle, as sig- 
nificant crustal thickening beneath the elevated plateau 
has not been documented. The active subduction zone 
in the region from the Hellenic arc to Cyprus is also as- 
sociated with large negative anomalies. 

A belt of strong positive Bouguer gravity anomalies 
(shown in red) along the Tyrrhenian coast of Italy may 
be the result of crustal thinning in the inner portion of 
the Apenninic orogenic wedge (see Elter et al. 2003 for a 
review of the Apennines). The marked high centered in 
the northern Aegean Sea can be attributed to the exten- 
sional tectonic regime characterizing the area during the 
Neogene (see TRANSMED Transect VII). 

Figure 1.5 shows the Bouguer gravity anomalies for 
the Mediterranean Sea and most of the adjacent regions 
on land. Overall, the gravity fabric of the Mediterranean 
Sea is characterized in almost all deep physiographic 
basins by strong to very strong positive Bouguer anoma- 
lies. In the deep basins west of the Corsica-Sardinia block 
A g" values range between 100 and 180 mGal. The Algero- 
Proven^al basin and most of the Ligurian Sea have 
A g" values in excess of 140 mGal, typical of the oceanic 
crust. Along the Iberian coast the gravity values follow 
the bathymetry, also outlining with a certain detail the 
Balearic continental block. In the Alboran Sea Bouguer 
anomaly values range from about -20 mGal at the Gi- 
braltar arc to +40 mGal where it merges with the Alge- 
rian basin; these values agree with the stretched conti- 
nental crust flooring the basin (Frizon de Lamotte et al., 
this publ.). The western Mediterranean basins are 
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Fig. 1 .3. Map of the depth of the Mohorovicic discontinuity in western Europe. From Dezes and Ziegler (2002) 




1.4 • Geological-geophysical Baseline 



13 




Fig. 1 .4. Gravity map showing Bouguer anomalies on land and free-air anomalies offshore (after Wybraniec et al. 2004) 
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Fig. 1 . 5 . Bouguer gravity anomalies (after Makris et al. 1998, with minor modifications) 



bounded to the south by the northern margin of the 
African plate and by the strong negative anomalies along 
the Atlas Mountains. To the north, the thickened conti- 
nental crust of the Betic Cordillera, the Pyrenees and 
the Alps mark areas of strong negative Bouguer anoma- 
lies (down to -180 mGal in the central Alps). 



Bouguer gravity values in the Tyrrhenian Sea mimic 
closely the bathymetry and range between 180 mGal in 
the central part to about 20 mGal on the coasts of Italy 
and along the eastern margin of the Corsica-Sardinian 
block. As discussed in the text accompanying TRANS- 
MED Transect III, these gravity values are associated 
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with stretched continental crust and denuded mantle, 
with volumetrically limited outpourings of basalts. 

The highest values (ca. 300 mGal) of the Bouguer 
anomaly in the Mediterranean coincides with the deep- 
est portion of the Ionian Sea, where the crust is thin and 
overlain only by a 4-5 km-thick sedimentary column 
(Makris et al. 1998). 

The Aegean Sea is an area underlain by thinned con- 
tinental crust and by relatively high values of Ag”, par- 
ticularly in the Cretan Sea. The Aegean Sea is bounded 
by two areas of low Bouguer anomalies: the Hellenides 
to the west and Anatolia to the east. The Cretan arc has 
A g" values ranging between -10 and +30 mGal and sepa- 
rates the stretched Aegean Sea from the Ionian and 
Libyan Seas. 

The eastern Mediterranean is dominated by a promi- 
nent ENE-WSW-trending positive anomaly culminat- 
ing gravimetrically at about 220 mGal in the Herodotus 
abyssal plain. The anomalies decrease toward the east, 
mainly as the result of the increase in sediment thick- 
ness, reaching nearly 16 km in the Nile delta and off- 
shore Israel. This broad anomaly is bounded to the north 
by a series of gravity highs and lows aligned east-west 
parallel the Anatolian margin; these highs and lows fol- 
low the bathymetric features. As to Cyprus, it shows a 
strong positive anomaly. 

The Black Sea offshore Turkey is characterized by 
Ag” values between 20 and 100 mGal, in agreement with 
the presence of stretched continental crust and small 
portions of oceanic crust, both overlain by a thick sedi- 
mentary sequence (see Stephenson et al., this publ.). 



1.4.4 Magnetic Field 

Figure 1.6 shows the magnetic anomalies in the Medi- 
terranean basin at 50 nT intervals. This region is char- 
acterized both by very localized anomalies as well as by 
anomalies distributed throughout the area; seafloor 
magnetic lineations, as evident in the major oceans, are 
absent. Most local anomalies are the strong ones related 
to the fault systems along the continental slopes, par- 
ticularly in the western Mediterranean, which is char- 
acterized by young, deep basins bounded by high-angle 
normal faults indicating very rapid subsidence. In the 
deep basinal areas of the western Mediterranean (i.e. 
west of Corsica and Sardinia) the depth of the top of 
the layer responsible for the magnetic anomalies is at 
8-9 km (Le Borgne et al. 1971), which is the depth of the 
top of oceanic layer 2 as indicated by deep seismic 
soundings (Zanolla et al. 1998). This confirms that the 
crustal structure in the deep basinal area is typical of 
an oceanic crust. The nature of the crust in rifted areas 
such as the Alboran Sea (thinned continental crust, wide- 
spread yet areally discrete volcanism) and the Valencia 
trough (large volcanic body) makes the magnetic sig- 
natures of these areas much different from those of the 
deep basinal areas. In the eastern portion of the Alge- 
rian basin the magnetic anomalies follow a clear-cut 
N-S trend which is the southward continuation of the 
magnetic anomalies following the western Corsica-Sar- 
dinia margin. As elsewhere in the Mediterranean, they 
can be interpreted as the result of magmatic intrusions 
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Fig. 1 .6. Magnetic anomalies (after Zanolla et al. 1998, with minor modifications) 
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along extensional faults located at the transition between 
the bathyal plain and the continental margins. The mag- 
netic anomalies along the western Sardinian margin thus 
confirm the results already obtained from seismic data: 
the continental crust of the Corsica-Sardinia block ex- 
tends far offshore and oceanic crust is present only in 
the central part of the Algerian basin (see TRANSMED 
Transect II). 

The eastern Ligurian Sea can be envisioned as the 
stretched southward continuation of the western Alps. 
Medium-high frequency magnetic anomalies, with ap- 
proximately 100 nT maximum intensity and associated 
with 2-3 km deep, highly magnetized bodies, show an 
overall NNW-SSE trend connecting northeastern Cor- 
sica with the Alpine orogenic belt of western Liguria. 

A complex array of local and regional magnetic 
anomalies characterizes the Tyrrhenian Sea, the result 
of the very young age and complexity of this peculiar 
basin born from the SE-ward drift of the Calabria-Pe- 
loritani terrane in latest Miocene-Pliocene times (see 
Bonardi et al. 2001 for a review). Rifting started along 
the Sardinian margin during the middle-late Miocene 
and the magnetic anomalies thus generated are evident 
along a N-S-trending strip east of Sardinia. The deep 
portion of the Tyrrhenian basin displays a magnetic fab- 
ric characterized by anomalies of medium wavelength 
(30 km) and high amplitude (> 30 nT) associated with 
a basic magnetic substratum (magnetic susceptibility 
k = 0.020-0.045). South of the 41 st parallel magnetic 
anomalies trend approximately E-W. The calcalkaline 
and tholeiitic volcanic edifices of the Tyrrhenian bathyal 
plain are associated with very high-amplitude anoma- 
lies which mask the trend of the basic substratum as 
well as the weaker anomalies generated by small sea- 
mounts made of continental basement. Two clear-cut E- 
W-oriented alignments of local magnetic anomalies are 
present in the Tyrrhenian Sea at 41 0 and 39 0 latitude N: 
the northern one marks the boundary of the deepest 
part of the basin. 

The foreland areas located on the Adriatic plate and 
genetically associated with the Apenninic and Dinaric 
fold-and-thrust belts are characterized by regional mag- 
netic anomalies of long wavelength (60-100 km) and 
amplitudes ranging between 40 and 200 nT which are 
associated with structural highs in the basement. The 
very strong regional anomaly (> 320 nT) off the Dalma- 
tian coast is probably caused by structural uplift of the 
basement or changes in its magnetic susceptibility 
(Zanolla et al. 1998). 

Gravity anomalies (Fig. 1.5), seismic results (see 
TRANSMED Transects VII and VIII), the reduced mag- 
netic anomalies in the deep basins (Fig. 1.6), and heat- 
flow data (Fig. 1.2) all suggest that the deep abyssal plains 
of the Eastern Mediterranean are underlain by a thick 
sedimentary cover lying on a thin crust of oceanic or 
intermediate nature which thickens to the south towards 



the African margin and becomes progressively more 
disrupted and tilted from east to west. 

The entire easternmost Mediterranean, from the 
Libyan Sea to the Levant Sea, is characterized by incipi- 
ent continental collision. This tectonically active area 
shows local magnetic anomalies: positive ones are re- 
lated to igneous bodies (as for the continental margin 
of Israel and offshore Egypt between about 2 7 0 and 29 0 
longitude); negative ones correspond to small trenches 
or sedimentary basins. The dipolar anomalies of the Cy- 
prus arc can be attributed to the Cretaceous ophiolites. 

As to regional magnetic anomalies, a large positive 
anomaly is centered south of Cyprus and corresponds to 
the Eratosthenes seamount (TRANSMED Transect VIII). 
Two large negative anomalies - interpreted by Zanolla 
et al. (1998) as the result of an oceanic crust of inverse 
polarity flooring the deepest parts of the E Mediterra- 
nean - are located off the coast of Egypt (between 25 0 
and 2 7 0 longitude) and between the Eratosthenes sea- 
mount and Israel. The high amplitude anomalies of the 
Ionian Sea are associated with a semi-oceanic basement 
located at depths of 5-7 km b.s.l. and are probably linked 
to the rifting episode which formed the basin (Finetti 
1982). In the rest of the eastern Mediterranean the mag- 
netic field is mostly regular: this can be attributed to the 
thick pile of sediments covering the area and which be- 
comes thicker in the Nile Cone (16 km) and the Erato- 
sthenes trench (15 km). 



1.4.5 Seismicity 

Seismicity in the Mediterranean area is high both in 
terms of frequency and magnitude. Figure 1.7 depicts 
the geographic distribution of the epicenters of 1 112 seis- 
mic events with surface magnitudes 2.8 <M S < 8 for the 
period 1903-1999. Although rather diffuse, seismicity in 
the region is particularly concentrated in the Aegean and 
peri- Aegean area. Other areas of high seismicity include 
the Maghrebian orogen of northern Africa and Sicily, 
the Apennines, the Carnic Alps and the southern Dina- 
rides. All these regions have been repeatedly affected in 
historical times by catastrophic earthquakes causing a 
high death toll (Giardini 1999). 

Mediterranean seismicity distribution is related to the 
major known tectonic systems and clearly follows the 
boundary between the Eurasian and African plates. A 
few discrete seismogenic zones can be recognized, such 
as the subduction belt of the Hellenic arc and the geo- 
logically complex zone that includes the southern Di- 
narides, the northern Aegean Sea along the trace of the 
North Anatolian Fault system, and western Anatolia. 
Seismicity in this region is dominated by extensional 
focal mechanisms. Another significant seismogenic zone 
starts at the Azores, continues eastward and, after cross- 
ing Gibraltar, follows the Maghrebian orogen of northen 
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Fig. 1 .7. Seismicity with surface magnitude (M s ) between 2.8 and 8 in the Mediterranean region, and calculated seismic strain. From 
Jimenez-Munt et al. (2003) 



Africa (Rif and Tell Chains) and Sicily (Sicilian Magh- 
rebides) as well as the Calabria-Peloritani terrane. This 
belt is considered representative for the collisional mar- 
gin between the African and Eurasian plates, since along 
it there is a uniform stress field with a direction of rela- 
tive movement in agreement with that expected from 
global plate-motion models. Conversely, in the remain- 
ing Mediterranean area, the situation is more complex. 

In Europe there are other seismogenic areas where 
low-magnitude events (M s <3) are common and higher 
magnitude earthquakes occur sometimes. Among the 
more active zones there is the Rhine Graben, where, be- 
sides a frequent yet weak seismicity, there are also events 
of M s > 5. The same pattern is observed in the Jura 
Mountains, in the Swiss-French Alps, in the Italian- 
French Alps and also in the lower Rhone and Durance 
valleys. Although less important, some seismic activity 
occurs also in the Central Massif of southern France. 

Earthquake focal depths are generally restricted to 
crustal levels, except in areas where oceanic or conti- 
nental lithosphere is subducted, either actively or pas- 
sively. From west to east, this is the case in the Gibraltar 
region, beneath the Calabria-Peloritani terrane, along 
the Hellenic arc, in Vrancea along the SE Carpathians, 
and in the Antalya Gulf of southern Turkey. 

Figure 1.7 also shows the associated seismic strain 
rates calculated by Jimenez-Munt et al. (2003). The re- 
sults of such calculations indicate that the largest seis- 
mic strain rate release is of the order of io~ 16 -io' 15 s _1 
occurring - from west to east - along the plate bound- 



ary in north Africa, in southern and northeastern Italy, 
in the eastern Alps, the southern Dinarides, and in the 
Aegean and peri- Aegean region, comprising the entire 
western Anatolia. Other areas of high seismic strain rates 
include easternmost Anatolia along the trace of the 
Assyrian-Zagros suture and Cyprus. 



1 .4.6 Geodetic Data 

Figure 1.8 depicts a geodetic set of 190 vector velocities 
for the Mediterranean region with respect to a fixed 
Eurasia. Vector velocities were obtained and/or compiled 
by Jimenez-Munt et al. (2003) combining GPS, satellite 
laser ranging (SLR) and very long baseline interferom- 
etry (VLBI) data. The solution shown represents the re- 
sidual velocity with respect to the Eurasian block ob- 
tained by subtracting the rigid motion of Eurasia ex- 
pressed in the NUVEL-iA reference frame (see Devoti 
et al. 2002, for a discussion of the procedure). 

In spite of areas such as the Iberian peninsula and 
the northern Adriatic block where large error ellipses 
result from the paucity of data, three coherent domains 
are present: (/) a generally SSE-ward direction in the 
Iberian peninsula and the Ligurian-Proven^al coast; 
(ii) a generally northward direction for Italy, with a pro- 
gressive clockwise rotation from Lampedusa Island 
(LAMP), through Calabria (COSE), to Matera (MATE); 
and (in) a counterclockwise rotation from NW-ward to 
SSW-ward directions from eastern Anatolia to the south- 
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ern Aegean region. The geodetic pattern is also charac- 
terized by a substantial increase in vector magnitude 
both from north to south and from west to east. 

In the eastern Mediterranean region (Fig. i.8b) the 
velocity field shows the northward motion of the Ara- 
bian plate and the counterclockwide rotation of central 
and western Anatolia and the southern Aegean, which 
are bounded to the north by the North Anatolian Fault 
system and its extension in the northern Aegean Sea. It 
is noteworthy that in this region velocities progressively 
increase from eastern Anatolia to the southern Aegean 
Sea, where they reach values in excess of 30 mm yr _1 . This 
velocity gradient seems to contradicts the commonly 
held notion that the overall westward motion of Anato- 
lia is driven by escape tectonics from the Bitlis-Zagros 
collision zone. 



1 .4.7 Stress Field 

Figure 1.9 shows the tectonic stress orientation within the 
Mediterranean region, as compiled in the World Stress 
Map (Reinecker et al. 2003). Stress indicators used to this 
end include ( i ) earthquake focal mechanisms (69%), 
(n) borehole breakouts and drilling-induced fractures 
(19%), in-situ stress measurements (8%), and young geo- 
logic data from fault-slip analysis and volcanic vent align- 
ments (4%). [Readers are referred to Zoback and Zoback 
(1980, 1991) and Zoback et al. (1989) for a detailed de- 
scription on the different methodologies to derive stress 
information from those types of indicators.] All data are 
quality ranked according to a scheme developed by Zo- 
back and Zoback (1989) and based mainly on the number, 
accuracy and depth of the measurements. The following 
is a brief description of the overall stress field in the Medi- 
terranean abstracted from Jimenez-Munt et al. (2003). 

In the western Mediterranean, maximum horizontal 
compressional stress axis is roughly oriented NNW, i.e. 
parallel to the convergence vector between the African 
and the European plates. Exceptions are the arcuate 
structures of the western Alps and Gibraltar, where rela- 
tively small deviations are present. Conversely, in the 
central and eastern Mediterranean the stress field is 
rather variable yet regionally coherent, being associated 
with collisional orogens and with the Calabrian and 
Hellenic subduction zones. 

In spite of the paucity of data in some regions, stress 
indicators along the northern African margin (and Sic- 
ily) indicate NW compression, thus reflecting again the 
overall direction of convergence between the Eurasian 
and the African plates. The Calabria-Peloritani terrane 
of southern Italy displays a complex stress regime, char- 
acterized by a combination of normal and strike- slip 
faulting which Rebai et al. (1992) ascribe to radial ex- 
tension (Bonardi et al. 2001). The northern Apennines 
are dominated by extension in the internal (southwest- 



ern) part of the orogenic wedge and by compression- 
transpression in its external (Adriatic) portion. In the 
southern Apennines normal and strike-slip faulting pre- 
vail, with extension perpendicular to the axis of the oro- 
genic belt (e.g. Frepoli and Amato 2000). The whole 
Aegean and peri- Aegean region is characterized by an 
extensional regime: radial extension parallel to the hinge 
line of subduction is localized within the southern part 
of the Aegean Sea, whereas the northern Aegean Sea and 
the surrounding landmasses are affected by N-S oriented 
extension. In Anatolia stress directions rotate progres- 
sively counterclockwise from NE-trending compression 
in eastern Anatolia to NE extension in western Anatolia. 
This stress pattern mirrors the westward movement of 
Anatolia, that is driven by the combination of syn-colli- 
sional escape tectonics (e.g. Kahle et al. 2000) and roll- 
back of the subducting Ionian Sea slab, entailing south- 
westward advance of the Hellenic arc-trench system (e.g. 
Jolivet 2001). 



1 .5 Global Dynamics and Active Processes 
Exemplified in the Mediterranean 

Since the early beginning of urban civilization, Mediter- 
ranean people had to face the devastating effects of earth- 
quakes and volcanic eruptions associated with active 
margins, either due to subduction of remnants of the 
oceanic Neotethys or to continental collision between the 
European and African plates, and the intervening Adria 
and Iberia microplates (Tapponnier 1977; Channell et al. 
1979; Letouzey and Tremolieres 1980; Platt et al. 1989; 
Mazzoli and Helman 1994; Ziegler and Roure 1996; 
Muttoni et al. 2001; Nikishin et al. 2002; Ziegler et al. 2002; 
Cavazza and Wezel 2003). Superimposed on this overall 
convergent, compressional regime, local back-arc exten- 
sion accounts also for recent rifting and seafloor spread- 
ing in parts of the Western Mediterranean and Tyrrhe- 
nian basins (Le Pichon et al. 1971; Durand et al. 1999; 
Ziegler et al. 2001a). However, current Mediterranean tec- 
tonic activity is not only controlled by compressional and 
extensional forces, as density contrasts, vertical compac- 
tion and gravity account also for active mud and salt 
diapirism in areas of rapid sedimentation such as the 
Nile delta, the Alboran Sea and the Mediterranean Ridge. 

Lastly, successive episodes of uplift and subsidence 
have controlled in the past, and still control, the con- 
nections between the world ocean and the Mediterra- 
nean and adjacent basins (i.e. the former Paratethys and 
the modern Black Sea), accounting for either slow or 
very fast sea-level rises or drops during the Messinian 
and the Pleistocene. As such, the geological record of 
the Mediterranean is likely to provide key analogues for 
the study of global warming, greenhouse effects, related 
sea-level rise and its potential impact on densely popu- 
lated coastal areas. 
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Fig. 1 .9. Stress map for the Mediterranean region (after Reinecker et al. 2003). The map displays the orientation of the maximum horizontal stress SH. The length of the stress symbols represents the 
data quality, with A as the best quality category. A-quality data are believed to record the orientation of the horizonal tectonic stress field to within ± io°-i5°, B-quality data to within ± i5°-20° and 
C-quality data to within ± 25 0 . The tectonic regimes are: NF for normal faulting, SS for strike-slip faulting, TF for thrust faulting and U for an unknown regime 
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1 .5.1 Subduction of the Eastern Mediterranean 
Lithosphere beneath the Calabrian and 
Aegean Arcs 

Like the circum-Pacific rim, Greece and southern Italy 
display a pattern of deep focal earthquake mechanisms 
which delineates a Benioff plane (Wortel et al. 1990). 
However, these two Mediterranean subduction zones are 
far from typical. For instance, the nature of the East 
Mediterranean lithosphere currently subducting be- 
neath both the Aegean and Calabrian arcs is still debated 
(Dixon and Robertson 1984; Casero and Roure 1994) al- 
though mounting geophysical evidence (e.g. De Voogd 
et al. 1992) points to its oceanic nature. The main ques- 
tion relates to the age of initial rifting and development 
of the rifted North African-Libyan-Sicilian passive mar- 
gin, which locally displays marine Permian series on- 
shore. Due to the huge thickness of Mesozoic and Ceno- 
zoic series deposited in the East Mediterranean basin, it 
is not yet known whether its substratum is formed by 
true Neotethyan oceanic crust of Permian or Triassic 
age, or rather by thinned continental crust of Gondwa- 
nan affinities. This issue is further discussed by Stampfli 
and Borel (this publ.). 

Like in the Carpathian and Gibraltar oroclines, the 
Aegean and Calabrian subduction zones are not linear. 
Laterally, they grade into structural domains devoid of 
any deep focal mechanisms. It is now assumed that these 
Mediterranean subduction zones are the relics of a for- 
merly more continuous active margin along the north- 
ern margin of the Neotethys. Rather than involving an 
efficient slab pull, most of the relative motion between 
the hangingwall and the subducted plates is to be at- 
tributed to a progressive retreat of the Ionian and East 
Mediterranean lithospheric slabs, which allows for 
southeastward and southwestward extension of the Tyr- 
rhenian and Aegean plates, respectively (Royden et al. 
1987; Royden 1993). The same process was recently pro- 
posed as the driving mechanism for the westward pro- 
gradation of the Gibraltar arc (Gutscher et al. 2002). The 
lack of deep focal mechanisms, as well as the rapid up- 
lift of the Apennines and Sicily, but also of the Dinar- 
ides- Albanides and the Maghrebides, have been recently 
attributed to slab detachment (Spakman 1990; Wortel 
and Spakman 2000; Spakman et al. 1993). 



1.5.2 Rifting and Passive Margin Development in 
Back-arc Regions and Other Mediterranean 
Domains 

In spite of prolonged indentation and mechanical cou- 
pling along the Alpine front, the Neogene geological his- 
tory of the Mediterranean region is characteristically 



dominated by widespread extensional tectonism. A 
number of continental microterranes (Kabylies, Balearic 
Islands, Sardinia-Corsica, Calabria) rifted off the Euro- 
pean-Iberian continental margin and drifted toward the 
south or southeast, leaving in their wake areas of thinned 
continental crust (e.g. Valencia trough) or small oceanic 
basins (Algerian, Provencal and Tyrrhenian basins) 
(Fig. 1.10). Back- arc extension and progressive southeast- 
ward drift of the Calabria-Peloritani terrane accounts for 
the successive opening of two neoformed oceanic do- 
mains in the Western Mediterranean, namely the Liguro- 
Proven^al basin in Miocene time and the Tyrrhenian 
basin in Plio-Quaternary time (Burrus 1989; De Voogd 
et al. 1991; Vially and Tremolieres 1996; Doglioni et al. 1997, 
1999; Carminati et al. 1998a, b; Gueguen et al. 1998; Du- 
rand et al. 1999; Catalano et al. 2000; Roca 2001). 

The rifted margins of Provence and western Corsica 
display the same Oligo-Aquitanian synrift sequences, 
being the conjugate margins of the same Neogene Prov- 
encal oceanic domain. Post-rift thermal subsidence com- 
menced during the middle Miocene in the adjacent Prov- 
encal and Algerian basins, two areas where sedimenta- 
tion was strongly affected by the Messinian salinity cri- 
sis. As a result, two sets of normal faults are usually evi- 
denced in seismic profiles in the Western Mediterranean 
basins. The first one is made up of basement-involving 
high-angle normal faults that truly relate to rifting, and 
accounts for the deposition of syn-rift Oligocene and 
Early Miocene series, whereas a second, surficial set con- 
sists of listric normal faults that sole out within the 
Messinian salt horizon and account for a progressive 
gravitational gliding of the post-Messinian sedimentary 
successions. 

Two episodes of rifting are recorded along the east 
Sardinian margin in the late Miocene and during the 
Pliocene, whereas two distinct oceanic domains devel- 
oped in the adjacent Tyrrhenian basin during the 
Pliocene in the west, and only during the Pleistocene in 
the east, making it the youngest oceanic basin of the 
Mediterranean (Rehault et al. 1984a, b; Malinverno and 
Ryan 1986; Kastens and Mascle 1990; Patacca et al. 1993; 
Spadini et al. 1995; Mattei et al. 2002). 

The East Mediterranean is similarly characterized by 
widespread Neogene extensional tectonism, as indicated 
by thinning of continental crust along low-angle detach- 
ment faults in the Aegean Sea and the peri- Aegean re- 
gions (see Durand et al. 1999, and references therein). 
Pliocene-Quaternary rifting in the hangingwall of the 
Aegean subduction zone accounts also for the opening 
of the Gulf of Corinth, which is currently the focus of 
much international research aiming at the study and 
monitoring of fracture development, pore-fluid pressure 
evolution in connection with seismically active fractures, 
and fluid transfer across or along fault planes (Corinth 
Natural Laboratory; Moretti et al. 2002). 
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Fig. 1 . 10 . Schematic maps showing the paleotectonic evolution of the W Mediterranean during Neogene time (modified after Bonardi 
et al. 2001, Roca 2001, and Cavazza and Wezel 2003). Only active tectonic elements are shown. White: exposed land; light gray: epicontinental 
sea; darker gray: oceanic crust. Black arrows indicate the direction of Africa’s motion with respect to Europe (after Mazzoli and Helman 
1994). White arrows indicate upper-plate direction of extension. Stars indicate subduction-related magmatism. AP, Apennines; B , Balearic 
block; C, Calabria-Peloritani terrane; K, Kabylies; PB, Provencal basin, S, Sardinia; TB , Tyrrhenian basin 



Overall, Neogene extension in the Mediterranean can 
be explained as the result of roll-back of the subducting 
slabs of the Apennines-Maghrebian and Ionian-E Medi- 
terranean subduction zones (e.g. Malinverno and Ryan 
1986). As pointed out by Royden (1993), rapid extension 
of thickened crust in a convergent setting is a conse- 
quence of subduction roll-back. Neogene mountain belts 
throughout the Mediterranean region are characterized 
during their late orogenic stages by contemporaneous 
shortening in the external portion of the orogenic wedge 
and extension in its rear portions (e.g. Patacca et al. 1993). 



Seismic tomographic images of the upper mantle 
velocity structure of the Mediterranean-Carpathian 
area (e.g. Wortel and Spakman 2000) point to the im- 
portant role played by slab detachment, and its lateral 
migration along the plate boundaries, in the lithosphere 
dynamics of this region during the last 20-30 Myr. 
As such, mantle tomography provides a comprehensive 
explanation not only of arc-trench migration but also 
of along-strike variations in vertical motions, stress 
fields and magmatism. From this viewpoint, slab de- 
tachment represents the terminal phase in the gravita- 
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tional settling of subducted lithosphere into the deeper 
mantle. 

Apart from brittle, upper crustal deformation, exten- 
sion of the Mediterranean continental crust has locally 
led to the exposure of metamorphic core complexes both 
in the northern part of the Tyrrhenian Sea (e.g. on Elba 
Island; Faccenna et al. 1997), in the Gibraltar arc (Dewey 
1988; Platt et al. 1989, 1996, 1998; Cloetingh et al. 1992, 1995; 
Vissers et al. 1995), and in the Aegean back-arc domains 
( Jolivet et al. 1994), where the ductile lower crust has been 
uplifted and is currently almost directly juxtaposed to 
Neogene sediments along major extensional detach- 
ments. Unlike the Tyrrhenian Sea however, the Aegean 
Sea has not yet reached the stage of oceanization. 

Back-arc domains are not the only portions of the 
Mediterranean area where rifting was active recently or 
is currently active. For instance, Pliocene rifting is well 
documented off the island of Malta between Tunisia and 
Sicily, and accounts for the development of the Pantel- 
leria, Malta and Linosa grabens (Argnani and Torelli 
2001). 



1 .5.3 Mud and Salt Diapirism Related to Tectonic 
Wedges, Tilted Blocks and Sedimentary 
Loading (Eastern Mediterranean Ridge, 
Alboran Sea, Nile Delta) 

High sedimentation rates can induce a delay in dewater- 
ing processes in siliciclastic series, resulting in local de- 
velopment of overpressure. Adding tectonic stress to 
undercompacted sediments, in either compressional or 
extensional regimes, is likely to produce mud diapirs in 
areas where the overburden and seals are no longer effi- 
cient enough to balance the overpressure. This is the case 
for instance in the Neogene series of the Alboran Sea, in 
association with transtension and the coeval develop- 
ment of tilted blocks within underlying brittle sedimen- 
tary units and basement (Comas et al. 1990, 1999; Alonso 
and Maldonado 1992; Perez-Belzuz et al. 1997). Mud 
diapirs occur also at the toe of the Mediterranean Ridge, 
a major accretionary wedge associated with the Hellenic 
arc-trench system (Kopf and Behrmann 2003). 

Salt diapirs and salt tectonics with development of 
listric faults and turtle-back features have been widely 
described in the Western Mediterranean, both in the Gulf 
of Lion and in the Algerian basin, in direct connection 
with the regional distribution of the Messinian salt. Mud 
and salt diapirs occur also in the Eastern Mediterranean 
basin in the area of the Herodotus abyssal plain, where 
rapid loading of shale and salt horizons by the elastics 
provided by the Nile River resulted in a progressive 
gravitational gliding of the sedimentary wedge toward 
the north, coeval with the development of listric faults 
and diapirism (Sage and Letouzey 1990; Mascle et al. 
2002, 2003; Loncke et al. 2003). 



1 .5.4 Sea-level Changes, Salinity Crisis, Flooding 
(Messinian Mediterranean versus 
Pleistocene Black Sea) 

During the Messinian salinity crisis, from 5.6 to 5.32 Ma, 
the Mediterranean basin became isolated from the world 
ocean due to the closure of the Gibraltar strait and to 
the tectonic restriction of seaways through the foredeeps 
of the Betic Cordillera and the south Anatolian Taurus 
thrust belt in conjunction with continued convergence 
of Africa- Arabia with Europe. Consequently, evapora- 
tion induced a rapid drop of Mediterranean sea level by 
at least 1 000 m, causing isostatic rebound due to water 
unloading (Norman and Chase 1986). This accounted 
for (z) the deposition of thick salt layers in the remnant 
deeper marine parts of the western and eastern Medi- 
terranean sub-basins, (ii) the deposition of anhydrite 
and gypsum in nearshore areas, and (zn) the deep ero- 
sion of the emergent margins, resulting in the develop- 
ment of narrow canyons such as the Stoechades, Var and 
St. Tropez canyons along the Provencal coast (Hsii 1972; 
Decima and Wezel 1973; Ryan 1976; Montadert et al. 1977; 
Hsii and Montadert 1978; Cita and Colombo 1979; Rou- 
chy 1980; Cita and McKenzie 1986; Gelati et al. 1987; But- 
ler et al. 1993, 1999; Rabineau et al. 1998; Krigsman et al. 
1999; Droz et al. 2001; Bernier et al. 2004; Gorini et al. 
2003; Steckler et al. 2003). Thick clastic sedimentary 
wedges accumulated in deep-sea fans associated with 
these localized drainage systems, as well as in the fore- 
deeps of the Apennines and the Albanides. DeCelles and 
Cavazza (1995) and Cavazza and DeCelles (1998) argue 
that widespread and short-lived intra-Messinian tec- 
tonism in the Mediterranean region, including out-of- 
sequence thrusting and the associated deposition of 
coarse-grained clastic wedges, may be the result of sub- 
criticality of the peri-Mediterranean orogenic wedges 
induced by isostatic adjustment forced by unloading of 
adjacent basinal areas. 

Like the Messinian Mediterranean, the Black Sea was 
temporarely isolated from the world ocean during the 
Pleistocene, due to a combination of tectonic activity 
and sea-level oscillations (Ryan et al. 1997, 2003; Ryan 
and Pitman 1998; Ballard et al. 2000; Clauzon et al. 2004). 
Consequently, its sea level and salinity have fluctuated 
much, as indicated by the changes recorded from fresh 
water to brakish or marine faunas, and the recent dis- 
covery of archeologic remnants at a water depth of 
-100 m. However, as for the Mediterranean, it is still de- 
bated whether post-Messinian flooding of the Mediter- 
ranean, and historic flooding of the Black Sea, now re- 
ferred to as the Noah’s flooding in popular literature, 
were as rapid and catastrophic as postulated by some 
authors, who envision the Messinian Gibraltar and 
Pleistocene Bosphorus gates as Niagara-like waterfalls 
(Ballard et al. 2000; Aksu et al. 2002 a, b). 
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1 .6 Record of Ancient Dynamics of the Tethyan 
Oceans, Ophiolitic Sutures, Mantle Tomography 
versus Paleogeography of the Mediterranean 
Realm 

In addition to being a natural laboratory for the study 
of active tectonics, the Mediterranean region is also a 
proxy of the past evolution of the former Tethyan oceans. 
Since the onset of geological prospecting and geophysi- 
cal imaging, hundreds of geologists and geophysicists 
have progressively unraveled the records of past tecton- 
ics, mountain-building processes and basin development 
in this region. As with archeologic remains however, 
uncertainties increase when moving from the present 
to the past. As such, we can consider the Cenozoic and 
Mesozoic history of the Mediterranean domain relatively 
well constrained, whereas its Paleozoic evolution still 
remains highly conjectural. Hereafter we review a few 
salient aspects of the geological evolution of the Medi- 
terranean domain. 



1.6.1 Collisional versus Intracontinental Thrust 
Belts and Oceanic Sutures 

Ophiolitic sutures have been studied for a long time 
along the true collisional belts of the Mediterranean such 
as the Alps, the Dinarides-Hellenides, and in Anatolia. 
Obducted ophiolites indeed constitute the only relics of 
the complex array of former Tethyan and associated 
oceanic domains, most of which have been subducted 
(see Stampfli and Borel, this publ.). Alternatively, deep 
seismic imagery in the Alps provide direct control of 
the present, post-collisional architecture of the orogen 
(Pfiffner et al. 1988; Roure et al. 1990, 1996; Pfiffner 1996; 
Schmid et al. 1996 and this publ.). 

Other thrust belts, such as the Outer Carpathians and 
the Neogene Apennines, are almost devoid of ophiolitic 
sutures. Therefore, their development was presumably 
controlled by different dynamic processes in which slab 
retreat and lateral block escape in the hangingwall of 
the subduction zone played a dominant role. As such, 
they differ from true frontal collisional orogens involv- 
ing more rigid continental lithosphere, as seen in the 
Alps (Royden et al. 1987; Royden 1993; Linzer 1996). 

Unlike in the Alps, no ophiolite has ever been de- 
scribed in the Pyrenees. Albian meta-sediments associ- 
ated with lherzolite outcrops and granulitic units of the 
Axial Zone are the only evidence for local thinning of 
the former continental lithosphere during the mid-Cre- 
taceous separation of Iberia from the European plate (see 
TRANSMED Transect II). However, crustal stretching 
accounted only locally for denudation of the mantle- 
lithosphere, consisting of lherzolite-type peridotite, with- 
out any oceanic accretion. Albian to Turonian rotational 



translation of Iberia in conjunction with opening of the 
Bay of Biscay and the Valais ocean occurred in a domi- 
nantly transtensional regime. Subsequent Senonian to 
Paleogene crustal shortening in the Pyrenees, amount- 
ing to some 150 km and involving basin inversion and 
crustal imbrication (Verges and Garcia-Senz 2001), oc- 
curred under a partly transpressional regime, as evi- 
denced by strike-slip mechanisms along the North Pyre- 
nean Fault (Choukroune and Ecors Team 1989). 



1 .6.2 Plate Dynamics and Palinspastic Restorations: 
Demise of the Concept of a Single Tethys 

Mantle tomography provides ways to trace the dense and 
cold lithospheric slabs currently still sinking into the 
asthenosphere, no matter whether or not slab detach- 
ment has already occurred (Spakman 1990; Dejong et al. 
1993; Spakman et al. 1993; Carminati et al. 1998; Wortel 
and Spakman 2000). As documented by W. Spakman in 
this publication, the current depth and lateral extent of 
the subducted lithospheric material can be traced over 
the entire Mediterranean domain and its surroundings, 
i.e. beneath the Alps, the Carpathians, the Aegean and 
the Gibraltar arcs, thus providing first-order constraints 
to restore the former evolution of retreating slabs and 
the lateral connections of former Tethyan subduction 
zones. 

Balanced cross-section techniques applied to the ex- 
ternal parts of fold-and-thrust belts such as the Alps, 
Pyrenees, Carpathians, Apennines, Albanides and Magh- 
rebides, are useful to palinspastically restore the former 
continental margins of the Tethyan oceans, now form- 
ing part of the respective orogenic wedges, to their ini- 
tial configuration (Bally et al. 1988; Roure et al. 1989, 1993, 
2004; Ellouz and Roca 1994; Frizon de Lamotte et al. 
2000; Ziegler et al. 2001b). However, this cannot be ap- 
plied to former intervening oceanic domains, which have 
been entirely consumed in subduction zones, except for 
the few remnants still preserved along the ophiolitic 
sutures. Hence, paleomagnetic data become useful to 
trace the north-south displacement and rotations of 
Adria, Iberia and Africa with respect to Europe through 
Mesozoic and Cenozoic times. 

Lastly, biostratigraphy and lithofacies can be used 
also to validate palinspastic restoration and to better 
constrain paleogeography and ancient plate dynamics. 
Oceanic domains are likely to isolate distinct benthic 
faunas on their conjugate continental margins, whereas 
they can help homogenizing pelagic fossils across wide 
areas. Fossil contents and sedimentologic trends, to- 
gether with carbonate vs. silica contents of sedimentary 
layers are also used to obtain paleobathymetric esti- 
mates, which in turn provide information on tectonic 
subsidence history, all processes relevant to rifting, con- 
tinental crustal stretching and oceanic accretion. 
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Numerous attempts have been made to propose 
palinspastic reconstructions of the entire Tethyan-Medi- 
terranean domain since the Permo-Triassic (Sengor 
1979, 1984; Ziegler 1988; Dercourt et al. 1993, 2000; Roure 
1994; Yilmaz et al. 1996; Stampfli et al. 2001a and b, 
2002a). The latest of these attempts is presented by 
G. Stampfli and G. Borel in this publication. A discus- 
sion of the various hypotheses proposed for the evolu- 
tion of the western Tethyan domain goes beyond the 
purpose of this contribution. We provide here a brief 
summary of the post-Variscan evolution of the Medi- 
terranean domain following the paleogeographic recon- 
structions presented in Chapt. 3 and refer readers to the 
abundant literature available on this subject. 

Following the late Carboniferous-early Permian as- 
semblage of Pangea along the Variscan-Appalachian- 
Mauritanian-Ouachita-Marathon and Uralian sutures, 
a wedge-shaped ocean basin widening to the east - the 
Paleotethys - was comprised between Eurasia and Af- 
rica-Arabia (Fig. 3.5). At this time, a global plate reor- 
ganization induced the collapse of the Variscan orogen 
and continued northward subduction of Paleotethys 
beneath the Eurasian continent (e.g. Vai 2003). A new 
oceanic basin - the Neotethys - began to form along the 
Gondwanan margin due to the rifting and NNE-ward 
drifting of an elongate block of continental lithosphere, 
the Cimmerian composite terrane (Sengor 1979, 1984). 
The Cimmerian continent progressively drifted to the 
northeast, leaving in its wake the Neotethys (Fig. 3.6). 
The Permo-Triassic history of this part of the world is 
hence characterized by progressive widening of Neo- 
tethys and contemporaneous narrowing of Paleotethys, 
culminating in the late Triassic docking of the Cimme- 
rian terrane along the Eurasian continental margin (al- 
though portions of the Paleotethys closed as early as the 
late Permian) (Figs. 3.7 and 3.8). The Cimmerian colli- 
sional deformation affected a long yet relatively narrow 
belt extending from the Far East to SE Europe (see Sen- 
gor 1984, for a discussion). Cimmerian tectonic elements 
are clearly distinguishable from the Far East to Iran, 
whereas they are more difficult to recognize across Tur- 
key and SE Europe, where they were overprinted during 
later orogenic pulses. The picture is complicated by back- 
arc oceanic basins (Hallstatt-Meliata, Maliac, Pindos, 
Crimea-Svanetia and Karakaya-Kiire) which opened 
along the southern margin of Eurasia during subduc- 
tion of Paleotethys and which were mostly destroyed 
during the docking of the Cimmerian continental ter- 
ranes. 

The multi-phased Cimmerian collisional orogeny 
marked the maximum width of the Neotethyan ocean, 
which during Jurassic-Paleogene times was progres- 
sively consumed by northward subduction along the 
southern margin of the Eurasian plate (Figs. 3.8-3.14). 
Whereas the Paleotethys was completely subducted or 



incorporated in very minor quantities in the paleotethy- 
an suture, remnants of the Neotethys are still preserved 
in the Ionian Sea and the Eastern Mediterranean. 
Throughout the Mesozoic new back-arc marginal ba- 
sins developed along the active Eurasian margin. Some 
of these basins are still preserved today (Black Sea and 
Caspian Sea) though most of them were closed (e.g. 
Vardar, Izmir- Ankara) with the resulting sutures mask- 
ing the older suture zones of the Paleotethyan and Neo- 
tethyan oceanic domains. 

The picture is further complicated by the mid- Jurassic 
opening of the Ligurian-Piedmont-south Penninic ocean 
which resulted in the development of a new set of pas- 
sive margins which were traditionally considered as seg- 
ments of the northern margin of a single “Tethyan 
Ocean” stretching from the Caribbean to the Far East. It 
is somehow a paradox that the Alps - which for almost 
a century served as an orogenic model for the entire 
Tethyan region - are actually related neither to the evo- 
lution of Paleotethys nor to Neotethys evolution and 
instead have their origin in a branch of the Atlantic ocean 
that was closed by late Eocene times to form the Alps- 
Carpathians orogenic system (Fig. 3.19) (Stampfli et al. 
2002). Furthermore, development of the Pyrenean rift 
zone, which was activated during the Triassic at the same 
time as the North Atlantic rift system, culminated in the 
mid-Cretaceous detachment of Iberia from Europe 
(Fig. 3.12) and the opening of the oceanic Bay of Biscay 
and the Valais trough. The Pyrenean rift and the Valais 
trough were closed during the Eocene. 

Paleogene collision of the evolving Alpine orogenic 
wedge (the leading edge of Adria) with its foreland was 
accompanied by their progressive collisional coupling, 
inducing intraplate deformation in the foreland (Ziegler 
et al. 2002), as well as lateral block-escape and oblique 
motions within the orogen. For example, eastward di- 
rected orogenic transport from the Alpine into the Car- 
pathian domain during the Oligo-Miocene was inter- 
preted as a direct consequence of the deep indentation 
of Adria into Europe (Ratschbacher et al. 1991). From a 
wider perspective, strain partitioning clearly played a 
major role in the development of most of the Mediter- 
ranean orogenic wedges as major external thrust belts 
parallel to the former active plate boundaries coexist 
with sub-vertical, intra-wedge strike-slip faults which 
seem to have accommodated oblique convergence com- 
ponents (e.g. Insubric line of the Alps, intra-Dinarides 
peri- Adriatic line). 



1.6.3 Cenozoic Magmatism in the Mediterranean 
Region ( with the contribution ofC. Savelli) 

Figures 1.11 and 1.12 depict the time-space distribution 
of the puzzling mosaic of magmatic associations occur- 
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Fig. 1.1 1. Digital relief-shaded image of time-space-composition characteristics of magmatic rocks of the western Mediterranean and peripheral orogens (modified after Savelli 2002). Legend: 
rock types: 1 = tholeiites; 2 = medium-K and high-K calcalkaline plutons ( red circles = Eocene plutons from the Alps and adjacent Sava zone); 3 = medium-K and high-K calcalkaline volcanics; 
4 = shoshonites; 5 = ultrapotassic volcanics; 6 = lamproites; 7 = carbonatites; 8 = intraplate volcanics; 9 = rocks from intraplate, large central volcanoes; 10 = volcanics from deep drillings (DSDP 
and ODP sites, and Neapolitan area); 11 = pyroclastic and/or ignimbritic rocks. VV = Veneto volcanic district 
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Fig. 1.12. Digital relief-shaded image and distribution of magmatic rocks in regions bordering the eastern Mediterranean. Legend, rock types: l = high-K and medium-K calcalkaline acidic 
plutons; 2 = high-K and medium-K calcalkaline volcanics; 3 = shoshonites; 4 = lamproites and ultrapotassic rocks; 5 = intraplate volcanics; 6 = large central volcanoes; 7 = igneous rocks from deep 
drillings; 8 = ignimbritic and/or pyroclastic rocks; 9 = Adria-Dinarides boundary; 10 = late Cretaceous-Paleocene plutonic and volcanic rocks (courtesy of C. Savelli, ISMAR-CNR, Bologna) 
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ring in and around the western and eastern Mediterra- 
nean Sea, respectively. Some imprecisions most likely 
affect large compilations of analytical data that were 
generated by different laboratories with different meth- 
ods. Notwithstanding this drawback, such data sets are 
useful to study the possible relationhips between mag- 
matic activity and dynamic processes in the Mediter- 
ranean domain across which convergence of the Afri- 
can- Arabian and European plates led to major shorten- 
ing, from the Betic Cordillera of southern Spain to Ana- 
tolia. 

Mediterranean magmatic associations occur within 
(z) the Hercynian European lithosphere, (ii) the Alpine 
and Dinarides orogenic wedges, (iii) the internal parts 
of the Apennines where they are associated with a NW- 
to SW-dipping subduction system, (fv) the internal parts 
of the Hellenic- Aegean orogen which is dominated by a 
generally N- dipping subduction zone, (v) several back- 
arc basins, and (W) the collision zone of the Arabian 
shield with the East Anatolia orogen (Bitlis suture). 
Such diversity in tectonic settings was somehow reduced 
to three distinct associations by Wilson and Bianchini 

(1999): 

1. orogenic, subduction/post-collisional magmatism re- 
lated to plate convergence characterized by a spec- 
trum of calcalkaline, high-K calcalkaline and potas- 
sium magma series (shoshonites and lamproites), in- 
cluding relatively primitive mafic magmas and their 
differentiates; 

2. extension-related intra-plate magmatism, typically 
alkali basalts, basanites and their differentiates, but 
locally including subalkaline (tholeiitic) basalts and 
rare potassic magma types (leucitites and leucite 
nephelites); 

3. localized oceanic spreading centers, erupting subal- 
kaline basalts akin to ocean ridge basalts (MORB). 

Magmatic rocks of calcalkaline (orogenic) affinity are 
most abundant. Overall, prior to about 15 Ma the calc- 
alkaline rocks have a dominant acidic K-rich composi- 
tion. Calcalkaline volcanism of the Aegean and Tyrrhe- 
nian basins (e.g. Santorini volcano of Greece, Aeolian 
Islands of Italy) clearly relates to the Aegean and Calab- 
rian subduction systems, its current location being di- 
rectly controlled by the dip of the slab. This igneous ac- 
tivity was accompanied by processes of crustal attenua- 
tion, stretching and slab break-off. It appears that the 
post-15 Ma calcalkaline volcanics exhibit mainly inter- 
mediate-basic compositions with their age decreasing 
towards the fronts of subduction and roll-back. The is- 
lands of Stromboli and Vulcano in the Aeolian archi- 
pelago are volcanically active. 

Volcanic signatures can provide also key informations 
on the current state of the underlying lithosphere at the 



time of lava emplacement. For instance, Pleistocene calc- 
alkaline volcanism of the Aegean and Tyrrhenian Seas 
was used in the TRANSMED sections, in addition to fo- 
cal mechanisms and mantle tomography, to delineate 
the current attitude of the East Mediterranean and Io- 
nian slabs beneath the Hellenic and Calabrian arcs, re- 
spectively. 

Of special interest is the occurrence of high-K calc- 
alkaline and shoshonitic magmas which is interpreted 
as the magmatic signature of lithospheric extension and 
slab detachment (Davies and von Blankenburg 1995). For 
instance, the latest Eocene-Oligocene magmatism of the 
Alps is interpreted as marking detachment of the south- 
dipping Alpine Tethys slab from the lithosphere (Schmid 
et al. 1996). Similarly, the Oligocene magmatism of the 
Dinarides is related to detachment of the east-dipping 
Vardar(?) slab (Pamic et al. 2002), whereas the late Mi- 
ocene magmatism of the Maghrebides reflects detach- 
ment of the north-dipping Maghrebian Tethys slab 
(Wilson and Bianchini 1999). 

Besides the migrating calcalkaline magmatism, also 
anorogenic and tholeiitic volcanics provide important 
information on Mediterranean geodynamic processes. 
Intraplate basic lavas with Na-alkaline and subalkaline 
compositions are present in the upper plate as well as in 
the peripheral foreland domain. The upper plate anoro- 
genic volcanics appear to be located at larger distance 
from the roll-back fronts if compared with the distribu- 
tion of coeval orogenic products. From the late Eocene 
to the present, anorogenic magmatism has occurred 
throughout the European and African margins and 
within the Mediterranean Tethyan domain. Major ano- 
rogenic-type volcanic activity occurred in the early Mi- 
ocene and particularly in the late Miocene-Pliocene. Such 
volcanic flare up may reflect a reorganization of the up- 
per mantle convection system following the Alpine colli- 
sions (Wilson and Bianchini 1999). 

The West European rift system has been the site of 
rift-related volcanism since the late Eocene in the Mas- 
sif Central (Limagnes, Chaine des Puys) as well as in the 
Rhine Graben. Rift-related volcanism with significant 
subduction-related geochemical character has been also 
well documented in the vicinity of the Tyrrhenian Sea, 
i.e. in the Latium province near Rome. 

Some magmatic bodies in the Mediterranean area 
have rather peculiar settings. For instance, Mt. Etna is 
located very close to the Neogene thrust front in NE Sic- 
ily, and it is associated with a long-lasting north-trending 
crustal lineament which extends to the south along the 
Malta escarpment and accounts for Mesozoic and Ceno- 
zoic volcanic episodes on the Ragusa plateau of SE Sic- 
ily. Mt. Vesuvius, like other K-rich volcanoes from the 
Latium-Campania area, is likely related to back-arc 
opening and foundering of the Tyrrhenian Sea and co- 
eval upwelling of the asthenosphere. 
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1.7 Conclusions 

The Mediterranean basin and the surrounding regions 
constitute a natural laboratory for studying active geo- 
dynamic processes related to the final stages of conti- 
nent-continent collisions, such as passive subduction of 
oceanic lithosphere, microplate development, back-arc 
rifting and subduction-related volcanism. The Mediter- 
ranean basins constitute also modern analogues for 
former active margins. Areas flanking the Mediterranean 
basins comprise almost continuous Late Cretaceous to 
Neogene fold-and-thrust belts both on its northern 
(Betics, Pyrenees, Alps, Carpathians, Apennines, Dinar- 
ides, Albanides, Hellenides, Pontides, Taurides) and 
southern margins (Maghrebides, Atlas). These contain 
remnants of preexisting oceanic basins and their Meso- 
zoic passive margin sedimentary prisms that have been 
tectonically accreted and can be studied by field geolo- 
gists and used for palinspastic reconstructions. 

The last twenty-five years of geological investigation 
of the Mediterranean region have disproved the tradi- 
tional notion that the Alpine-Himalayan mountain 
ranges originated from the closure of a single, albeit 
complex, oceanic domain - the Tethys. Instead, the 
present-day geological configuration of the Mediterra- 
nean region is the result of the opening and subsequent 
consumption of two major oceanic basins - the Paleo- 
tethys and the Neotethys - and of additional smaller 
oceanic basins within an overall regime of prolonged 
interaction between the Eurasian and the African-Ara- 
bian plates. In greater detail, there is still some debate 
about exactly which “Tethys” existed at what time. There 
is consensus on the presence of (z) a mainly Paleozoic 
Paleotethyan ocean north of the Cimmerian continen- 
tal terrane(s), (ii) a younger late Paleozoic-Mesozoic 
Neotethyan ocean that had opened south of these ter- 
ranes, and finally (iii) a middle Jurassic ocean, the Al- 
pine Tethys, an extension of the central Atlantic ocean 
into the western Tethyan domain. Additional late Paleo- 
zoic to Mesozoic back-arc marginal basins along the 
active Eurasian margin complicated somewhat this ba- 
sic scheme. The closure of these heterogenous oceanic 
domains produced a system of connected yet discrete 
orogenic belts which vary in terms of timing of their 
main deformation, tectonic setting and internal archi- 
tecture. As such, they cannot be interpreted as the end 
product of a single “Alpine” orogenic cycle 

Progress in deep seismic imagery and mantle tom- 
ography have considerably improved our understand- 
ing of the crustal-lithospheric architecture and overall 
evolution of the Mediterranean margins and adjacent 
fold-and-thrust belts, making possible the present com- 
pilation of the TRANSMED transects. However, in some 



areas (e.g. Anatolia and Macedonia) subsurface geo- 
physical constraints are still limited. Correspondigly, the 
TRANSMED transects presented for these areas must 
be considered as tentative, leaving space for alternative 
interpretations. 

Reflection-seismic data acquired by the industry in 
its search for hydrocarbons has considerably increased 
our knowledge on the sedimentary fill of Mediterranean 
basins and margins. New developments of deep-water 
prospecting have effectively reached the Mediterranean 
with a renewed interest of the petroleum industry for 
areas which hitherto have not yet been explored. Accu- 
rate three-dimensional description of sedimentary litho- 
somes is also locally required for water management, 
because water resources are frequently restricted to fossil 
aquifers in onshore parts of the Mediterranean domain, 
where they should be managed with caution. 

Apart from being of interest to academic research, 
the Neogene-to-Recent geological record of the Medi- 
terranean region has also direct and major societal im- 
plications. For instance, the sedimentary fill of the Medi- 
terranean basins is likely to provide key information on 
recent vertical motions and climate, the combination of 
which accounts for local relative sea-level changes which 
are superimposed on truly eustatic sea-level oscillations. 
A good knowledge of the interactions between deep 
processes (geodynamics) and surface processes (climate, 
erosion, transport and deposition of sediments, as well 
as biosphere) is a prerequisite for risk assessment in such 
highly populated area as the Mediterranean shores and 
their hinterlands. Major hazards that are controlled by 
global dynamics comprise earthquakes and volcanoes, 
but flooding and landslides result also from direct in- 
teractions between local topography, vegetation, rain- 
fall and river drainages. 

The Mediterranean Sea is a relatively small, partly 
oceanic basin that is enclosed by orogenic systems. In 
view of this, the environment and overall equilibrium 
of the entire Mediterranean region is highly susceptible 
to external factor. This was the case during the Messinian 
crisis that affected both eastern and western Mediter- 
ranean basins, and that was controlled by the tectonic 
closure of the seaways connecting them to the world 
ocean. Similarly the Black Sea was intermittently con- 
nected with the Mediterranean during the Pleistocene, 
as recorded by major fluctuations in its salinity and 
sea level. Direct and indirect consequences of C0 2 in- 
crease in the atmosphere and coexisting greenhouse 
effects will be amplified in a confined domain such as 
the Mediterranean. Deforestation has been continuous 
since the onset of urban development in Roman times 
and the associated agricultural boom. Efforts to recon- 
stitute the Mediterranean forest are continuously fac- 
ing the devastating effects of artificial fires and deserti- 
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fication. Lastly, global warming has been also assumed 
to account for the recent increase of catastrophic flood- 
ing and forest fires in the Mediterranean, hot and dry 
summers inducing an increase in average temperatures 
of the sea water on one hand, and destruction of the 
terrestrial plants on the other hand. The reduced veg- 
etation cover cannot absorb the excess of precipitation 
and the associated soil erosion during increasingly wet- 
ter winters. 
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A Tomographic View on Western Mediterranean Geodynamics 
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Abstract 

During the Cenozoic, the Western Mediterranean region 
has experienced a complex subduction history which 
involved the destruction of the Late Triassic/Jurassic 
Ligurian ocean and the West Alpine-Tethys. Lithosphere 
remnants of this evolution have been detected in the 
upper mantle by seismic tomography imaging. However, 
no general consensus exists on the interpretation of these 
remnants/slabs in the context of Ligurian ocean and 
West Alpine-Tethys subduction. In this paper we search 
for subduction remnants of the entire Cenozoic evolu- 
tion in the recent global tomography model of Bijwaard 
and Spakman (2000) and compare these tomography 
results and our interpretations with those obtained in 
previous studies. Next, we present an analysis of imaged 
mantle structure in the context of the tectonic evolu- 
tion of the Western Mediterranean during the Cenozoic. 
Our analysis leads to the following main results: 

1. The identification of the remnant of the West Alpine- 
Tethys (Piedmont ocean) found at the bottom of the 
upper mantle under the Alps and northern Apennines 
region. 

2. A surface reconstruction of the Ligurian ocean from 
subduction remnants found in the upper mantle un- 
der the Western Mediterranean. 

3. The confirmation of the earlier propositions by Lon- 
ergan and White (1997) concerning slab roll-back and 
lithosphere tearing which led to two dominant Ligu- 
rian subduction systems: the Betic-Alboran subduc- 
tion and the Apennines-Calabria subduction. 

4. Propositions of a short (300-400 km) continuous 
north-Apennines slab and of slab detachment be- 
neath the central-southern Apennines. 

5. Slab detachment and lithosphere tearing are consid- 
ered crucial processes for facilitating slab roll-back 
in the Western Mediterranean region. 

6. A new kinematic model for slab roll-back in the Betic- 
Rif-Alboran region which involves slab detachment 
under the Betics, lithosphere tearing along the African 
margin, and which explains both the inferred slab geo- 
metry and the arcuate geometry of the Betic-Rif orogen. 



2.1 Introduction 

Seismic travel-time tomography is an imaging method 
which allows to construct three-dimensional (3-D) mod- 
els of the Earth’s internal structure from observations 
of seismic travel times (e.g. Spakman et al. 1993). Earth 
structure is obtained in terms of the propagation speed 
of seismic P- and/or S-waves. Seismic-wave speed is a 
material parameter which depends on local properties 
as temperature, pressure, and composition (e.g. Tram- 
pert et al. 2001). Thus, implicitly tomography delivers a 
snapshot of mantle dynamics. We note, however, that to- 
mographic imaging generally provides a blurred view 
on Earth structure as a result of the combined influence 
of lack of observations, data errors, and theoretical and 
numerical approximations. Image blurring complicates 
the interpretation of a tomogram. Other factors that 
complicate interpretation are introduced by incomplete 
knowledge of how seismic wave speed relates to tem- 
perature and composition and by occasional degrees of 
freedom to explain the same image with different types 
of mantle processes. The latter basically derive from in- 
sufficient knowledge of, and/or constraints on, mantle 
dynamics and the crustal response to lithosphere proc- 
esses (e.g. subduction, lithosphere delamination). 

For the Alpine-Mediterranean region, seismic tomog- 
raphy has considerably narrowed the range of possible 
scenarios for the geodynamic evolution of the region. The 
first mantle models revealed a complex pattern of upper 
mantle heterogeneity underlying the entire Alpine belt 
which was interpreted as subducted remnants of Tethys 
lithosphere (Spakman 1986a, 1990). Subsequent tomo- 
graphic studies of the Mediterranean, generated by pre- 
dominantly Dutch and Italian groups, have considerably 
focussed the image of mantle structure and revealed, for 
example, flat-lying slabs under the Western Mediterra- 
nean (Lucente et al. 1999; Piromallo and Morelli 1997, 
2003; Wortel and Spakman 2003) or subduction beneath 
the Aegean to depths of 1500 km (Bijwaard et al. 1998). 
In this paper we discuss recently obtained travel-time 
tomography results of the 3-D structure of the Western 
Mediterranean mantle (Fig. 2.1). The results are extracted 
from the global-mantle model BS2000 of Bijwaard and 
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Fig. 2.1 . The Western Mediterranean and surrounding regions. Indicated names are used in the text. For an introduction to the main 
geological features of the region, see Cavazza et al., this publication 



Spakman (2000). Details on data analysis and tomo- 
graphic method can be found in Spakman (1993), 
Spakman et al. (1993), Bijwaard et al. (1998), and Bijwaard 
and Spakman (2000). Some results of BS2000 concern- 
ing Mediterranean mantle structure were presented ear- 
ner ( Wortel and Spakman 2000, 2001 (Erratum), Gutscher 
et al. 2002). We will analyse in detail what can be learned 
from imaged mantle structure to help unravel the com- 
plex geodynamics of the Western Mediterranean. Based 
on this new tomographic information we adapted some 
of our earlier interpretations. Furthermore, we can con- 
firm, and in some cases refine, existing interpretations 
and we will also add some new results such as the identi- 
fication of the West Alpine-Tethys slab (Piedmont ocean 
slab), a surface reconstruction of the Ligurian ocean, and 
a new qualitative reconstruction of the Betic-Alboran 
subduction history. In our analysis, we include inferences 
drawn from tectonic reconstructions of the Western 
Mediterranean, but stay relatively away from detailed 
comparisons with geology, in particular, timing of events. 
Rather we like to present, as the title of this contribution 
states, a tomographic view on Western Mediterranean 
mantle dynamics, leaving the test of our propositions to 
future research. 



2.2 The Global Tomography Model BS2000 

Model BS2000 (Bijwaard and Spakman 2000) is the suc- 
cessor of the BSE-model (Bijwaard et al. 1998). Both 
models result from a tomographic analysis of the glo- 
bal data set of 7.5 million P- and pP-phase delay times 
of Engdahl et al. (1998). They are determined as seismic 
wave-speed anomaly models with respect to the l-D glo- 
bal reference model aki35 (Kennett et al. 1995). Further- 
more, the models are based on exactly the same model 
parameterization. The basic difference results from the 
application of 3-D ray tracing and nonlinear inversion 
by a step-wise linearized approach (Bijwaard and Spak- 
man 1999, 2000). Nonlinear inversion is performed to 
account for the effects of ray bending caused by 3-D wave 
speed heterogeneity in the mantle and for the effects of 
an inadequate reference model. BS2000 is a model of 
the entire mantle based on a special cell-parameteriza- 
tion technique in which cell size is adaptive to the local 
data density (Spakman and Bijwaard 2001). Small cells 
are constructed in regions of high data density and 
larger cells elsewhere. This effectively allows for solving 
a tomographic inverse problem for the entire mantle 
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while retaining resolution for the relatively small struc- 
tural detail known from regional mantle studies (e.g. 
Spakman et al. 1993; Piromallo and Morelli 1997, 2003). 
Figure 2.2 shows examples of the spatially variable cell 
parameterization of the Western Mediterranean mantle. 

BS2000 results from a very large-size inverse prob- 
lem (about 400 000 model parameters) for which for- 
mal resolution analysis is computationally not feasible. 
An alternative and approximate method is to assess spa- 
tial resolution through sensitivity analysis with synthetic 
wave speed models (Spakman and Nolet 1988). Synthetic 
data are first computed by integrating a synthetic wave- 
speed anomaly model along the seismic ray paths of the 
real data. Usually some Gaussian noise is added and fi- 
nally the synthetic data are inverted in the same way as 
the actual data. Qualitative inferences about model reso- 
lution are derived from the comparison between the 
synthetic model and its tomographic image. Examples 
are given in Fig. 2.3 showing results of so-called spike- 
or block tests for synthetic blocks of 1.2 to 2.4 degrees 
in size, at different depths. Synthetic spike tests are con- 
ducted for a wide variety of block sizes ranging from 
0.6 degrees to 6.0 degrees. This allows for investigating 
the potential for resolving both small and larger scale 
structure at specific locations in the tomographic model 
and reduces the risk of misinterpreting sensitivity test 
results (e.g. good recovery of detail does not imply good 
recovery of larger structures; see Leveque et al. 1993). 
Many examples of sensitivity tests are given in Appen- 
dix 1 (CD-ROM). The degree of recovery of a variety of 
synthetic patterns is used as a measure of confidence to 
engage interpretation of the actual tomogram. 

Model BS2000 shows a complex and heterogeneous 
pattern of seismic wave-speed anomalies across the en- 
tire upper mantle beneath the Western Mediterranean. 
Generally, the imaged wave-speed heterogeneity be- 
comes more smooth from the top of the mantle down- 
ward (see map view images of Fig. 2.4). Amplitudes de- 
crease from 3-4% in the upper 200 km to 1-1.5% at the 
base of the upper mantle. We deduce from sensitivity 
test results that the noted amplitude decrease with depth 
is real, although amplitudes may be underestimated on 
average. This was also found in other studies (e.g. Spak- 
man et al. 1993; Piromallo and Morelli 2003). Sensitivity 
tests also indicate a general decrease in spatial resolu- 
tion from, locally at best, 50 km in the first 100 km to 
100-200 km in the mantle transition zone (410-660 km). 
For reasons of model comparison later in this paper, we 
note that, from a technical point of view, the regional 
mantle models of Spakman et al. (1993) and Piromallo 
and Morelli (1997, 2003) are closest to BS2000. The for- 
mer work employs a spatially uniform parameterization 
with 0.8 degree cells and cell thicknesses similar to 
BS2000, whereas the latter uses a detailed node param- 
eterization with a node distance of 0.5 degrees and 



50 km node spacing in depth. This is comparable to us- 
ing 0.25 degrees cells with thicknesses of 25 km (Spak- 
man and Bijwaard 2001). 



2.3 Interpretation of Model BS2000 for the 
Western Mediterranean Mantle 

Our interpretations will concentrate on subduction of 
lithosphere. Previous tomographic studies have contrib- 
uted strongly to unravelling the 3-D geometry of sub- 
ducted slab in the region (e.g. Spakman 1986a, 1990, 1991; 
Spakman et al. 1993; Amato et al. 1993, 1998; Cimini and 
De Gori 1997; Piromallo and Morelli 1997, 2003; Lucente 
et al. 1999). Model BS2000, however, allows to make new 
inferences on Mediterranean subduction systems. In to- 
mography, subducted lithosphere translates into a posi- 
tive (fast) wave-speed anomaly, predominantly, due to 
the temperature contrast between the cold slab and the 
warmer ambient mantle, whereas relatively warmer 
mantle regions lead to a negative (slow) wave-speed 
anomaly (e.g. De Jonge et al. 1994; Goes et al. 2000). We 
first discuss mantle structure in the eastern part of the 
region (Alps-Apennines-Calabria) and separately dis- 
cuss imaged structure of the Betic-Alboran mantle. In 
the last part of this paper we analyse our findings in the 
context of the geodynamic evolution of the entire West- 
ern Mediterranean. 



2.3.1 Alps, Apennines, and the Western 
Mediterranean 

The tomographic image of the upper mantle of this re- 
gion is very complex. The 3-D cartoon displayed in 
Fig. 2.5 shows our schematization of the imaged posi- 
tive mantle anomalies and summarizes our geodynamic 
interpretation. This cartoon can be verified against the 
imaged positive anomaly patterns as extensively dis- 
played in map view sections (Fig. 2.4), selected cross 
sections (Figs. 2.6-2.8) and cross sections presented in 
Appendix 2 (CD-ROM). To justify our choices leading 
to the geometric and geodynamic interpretation de- 
picted in Fig. 2.5, we start with a brief description (with 
some interpretation) of the larger scale patterns, fol- 
lowed by a comparison with related work. 



Imaged Upper Mantle Structure 

The positive anomalies found in the upper 150-200 km 
beneath the Alps and northern Po plain are dipping to 
the south, beneath the central Alps, and to the ESE be- 
low the western Alps. This is best shown in cross sec- 
tions (Fig. 2.8b and Appendix 2). This pattern is consist- 
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Fig. 2 . 2 . Cell hit count and model cell-parameterization at selected depths beneath the Mediterranean region. The smallest cells have 
lateral dimensions of o.6 degrees. Lateral dimensions of larger cells are a multiple of o.6 degrees. The smallest cells have lateral dimen- 
sions of o.6 degrees and thickness of 35 to 65 km increasing with depth, respectively. Larger cells are found below the sea areas and 
northern Africa where station and earthquake density is strongly reduced. Still, the 1.8 x 1.8 degree cells constructed at a depth of 
628 km in the Western Mediterranen have a thickness of only 65 km. The color contouring quantifies the cell hit count, i.e. the number 
of rays passing through each cell. The color coding uses a 10-logarithm scale.The irregular cell grid is specifically designed to minimize 
hit-count differences between adjacent cells as well as possible. This is done in a self-adaptive way using a target hitcount of about 
500 rays per cell in the upper mantle (see Spakman and Bijwaard 2001, for details). This explains why cells of different volume have 
similar hit count. The smallest cells used in the grid construction procedure have dimensions of 0.6 degrees therefore their hit count 
can exceed the target value 
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Fig. 2.3. Results of a sensitivity test for the recovery of a regular patterns of 1.2, 1.8, and 2.4 degree blocks at different depths in the 
upper mantle. Circular lines denote the location of the isolated synthetic blocks with a seismic wave-speed anomaly amplitude of +5% 
or -5% with respect to the l-D reference model aki35 of Kennett et al. (1995). Between these blocks the synthetic anomaly is 0%. The 
colors denote the tomographic image of the synthetic block models. Comparison of “input” and “output” model leads to qualitative 
assessment of spatial resolution. The figure shows results for the Western Mediterranean taken from a global synthetic mantle model 
(model BS2000 is a global mantle model). The synthetic models are only constructed in regions where cell sizes of 1.2 (or 0.6), 1.8, 
or 2.4 degrees were permitted. This explains, e.g., the absence of synthetic blocks of 1.2 degree below the Western Mediterranean at 
145 km depth. Lack of resolution can be detected where significant amplitudes occur between the blocks where block anomalies 
smear into the model. Generally the synthetic patterns are well recovered although with systematically smaller amplitudes than the 
input values 
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Fig. 2.4. Tomographic map view images at twelve selected depths for the upper 710 km of the Western Mediterranean and surrounding 
regions. Colors display the percentage deviation of seismic wave speed with respect to the l-D reference model aki35 (Kennett et al. 1995). 
Negative (positive) anomalies represent slower (faster) than average wave speed at depth. Reference model values are different for each 
depth. Negative (positive) wave speed anomalies likely represent predominantly higher (lower) temperatures than average (Goes et al. 
2000). Temperature anomalies can be as large as io%-20%. In regions where imaged amplitudes are larger than the limits of the contour- 
ing scale, additional line-contours are plotted for every step in i%-anomaly value. Shaded yellow lines indicate outlines of major tectonic 
features for reference. Capital letters A, B, C, D, at depths of 500 km, or larger, label individual anomaly patterns for discussion in the text 
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Fig. 2.5. Cartoon depicting our interpretation of the geometry and geodynamic significance of imaged upper mantle anomalies below 
the Alps, Apennines and the western Western-Mediterranean. See text for further information 



ent with overriding of the European margin by the Adri- 
atic plate. Beneath the northern Apennines (from Tus- 
cany to the Po plain) positive anomalies shift westward 
with increasing depth, indicative of lithosphere subduc- 
tion. Below 400 km this slab anomaly connects with a 
broad positive anomaly found in the upper mantle tran- 
sition-zone (410-660 km). Under the central-southern 
Apennines only negative anomalies are found in the 
upper 200-250 km. Below this depth a long positive 
anomaly appears along the strike of the Apennines and 
connects to the south with the fast anomaly associated 
with the well-known Calabria subduction. Since their 
discovery (Spakman 1986a, 1990), these positive anomaly 
structures have been equivocally attributed to subducted 
lithosphere. The patterns of relatively elongate wave- 
speed heterogeneity in the upper 400 km start to change 
in the transition zone (410-660 km). There, we distin- 
guish four large positive anomalies (see Fig. 2.4): 

A) the broad positive anomaly found beneath the north- 
ern Italy/ Adriatic region, the northwestern Mediter- 
ranean, southern France, and the Alps, 

B) the Betic-Alboran anomaly which will be described 
later, 

C) a broad anomaly found west of, and connected to, the 
subduction anomaly beneath the central-southern 
Apennines and Calabria, and 

D) a broad anomaly imaged under the eastern- Alps and 
the Pannonian basin. 

Note that anomaly A also attains significant ampli- 
tudes at the top of the lower mantle (710-810 km) while 
the other anomalies fade away. Under east Algeria we find 
a positive anomaly of varying amplitude which trends 
northward with increasing depth. In the transition zone, 



anomaly C also encompasses the deeper part of this east- 
Algeria anomaly. We observe no other (north-)dipping 
structures connected to the north- African margin. Sen- 
sitivity tests results (Fig. 2.3, Appendix 1) indicate that the 
spatial resolution in the mantle under the African mar- 
gin is sufficient to rule out the existence of such large 
positive anomalies. 

Cross sections (Fig. 2.6b, Appendix 2) clearly dem- 
onstrate that the Apennines-Calabria slab is turning to 
horizontal in the transition zone, lying flat on the 660 km 
discontinuity between upper and lower mantle. The flat- 
tening of this slab explains the sudden broadening of 
positive anomalies (anomaly C). The Calabria slab is 
imaged across the entire mantle beneath Calabria 
(Fig. 2.6b). In contrast, sections across the central-south- 
ern Apennines (e.g. Fig. 2.7a) demonstrate, as can also 
be observed in the map view images, that no positive 
wave speed connection exists between slab and Adriatic 
lithosphere at the surface. Westward subduction below 
the northern Apennines is imaged as continuous with 
the broad transition zone anomaly A. Compared to the 
images of flattening subduction below the southern Tyr- 
rhenian we observe a distinct difference: The northern 
Apennine slab is almost centered above anomaly A 
(Fig. 2.7b, Appendix 2) whereas the Apennines-Calabria 
slab is located to the side of its flat lying portion (anoma- 
ly C; Figs. 2.6b, 2.7a, Appendix 2). Cross sections taken 
along strike of the Apennines (Fig. 2.8 and Appendix 2) 
lend additional support for large structural differences 
between the Apennines-Calabria slab (to the right of the 
8-degree tick mark), the northern Apennines slab (to 
the left of the 8-degree tick mark and found in the up- 
per 300 km), and the broad anomaly A in the transition 
zone, suggesting that these anomalies result from (at 
least partly) a difference in geodynamic evolution. 
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Fig. 2.7. Two BS2000 cross sections through the first 1 000 km of the Western Mediterranean mantle, a Section through the southern Apennines and Tyrrhenian basin; b section through the 
northern Apennines and Liguro-Proven9al basin. For further explanation see caption of Fig. 2.6 
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Fig. 2.8. Two BS2000 cross sections through the first 1 000 km of the Western Mediterranean mantle taken along strike of the Italian peninsula, a Section through western Italy and the central 
Alps; b section through the Adriatic basin and the central-eastern Alps. For further explanation see caption of Fig. 2.6 
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Comparison with Other Tomographic Work 

The general patterns described above are broadly con- 
sistent with previous tomographic models which are 
based on inverting data from both regional and teleseis- 
mic earthquakes (Spakman 1991; Spakman et al. 1993; 
Piromallo and Morelli 1997, 2003; Bijwaard et al. 1998). 
However, the more detailed morphology of imaged pat- 
terns still differs among the more recent models. The 
reason should be found in differences in data selection 
and processing, tomographic techniques and model pa- 
rameterization, and inversion regularization, as dis- 
cussed hereafter. 

Aips 

The S-dipping European lithosphere below the central 
Alps and ESE-dipping under the Western Alps is well 
known from interpretations of deep seismic sounding 
and geology (e.g Waldhauser et al. 1998; Schmid and 
Kissling 2000) and has - for the central Alps - also been 
inferred from mantle tomography (Spakman 1986b; 
Kissling 1993; Kissling and Spakman 1996). European 
plate geometry was similarly imaged in the models of 
Piromallo and Morelli (1997, 2003). We also find a clearly 
S-dipping European margin below the eastern Alps 
(Fig. 2.8b, Appendix 2) which contrasts with the recent 
proposition of north-dipping lithosphere along the 
TransAlp transect by Lippitsch et al. (2003). (See also 
Transect VI of this publication.) 

Northern Apennines 

The patterns imaged in the upper 250 km beneath the 
northern Apennines show subtle but important differ- 
ences among models. Originally, Panza et al. (1980) dis- 
covered the deep lithospheric root beneath the north- 
ern Apennines from an analysis of surface waves. 
Spakman (1990) and Spakman et al. (1993) also imaged 
a root and observed that, similar to the central-south- 
ern Apennines, no positive wave speed connection ex- 
ists between the Adriatic lithosphere and positive 
anomalies imaged deeper under this region. Beneath 
Tuscany the gap is smallest, only about 50 km wide (e.g. 
Fig. 16 of Spakman et al. 1993). This pattern was adopted 
by Wortel and Spakman (1992) as the premise for their 
hypothesis of slab detachment under the entire Apen- 
nines and of lateral migration of a slab tear from north 
to south. Subsequent teleseismic tomography studies of 
the Italian peninsula (e.g. Amato et al. 1993, 1998; Cimini 
and De Gori 1997; Lucente et al. 1999), however, showed 
continuous positive anomalies under the northern Ap- 
ennines. The regional mantle models of Piromallo and 
Morelli (1997, 2003) exhibit local evidence for a continu- 



ous slab at the same location where Spakman et al. (1993) 
find the smallest gap. The model of Bijwaard et al. (1998) 
and BS2000 also possess evidence for a continuous pos- 
itive anomaly in the upper 200 km (Figs. 2.4, 2.7b, Ap- 
pendix 2). 

The differences between tomographic models con- 
cern the 50 -km detail in the depth continuation of north- 
Adriatic lithosphere subduction. Mantle structure of this 
scale is at the current limit of model resolution and, even 
if resolved in some models, cell amplitude errors may 
still lead to equivocal interpretations. All these factors 
of uncertainty have prompted Wortel and Spakman 
(2000, 2001) to put a question mark on their earlier sug- 
gestion regarding slab detachment in the northern Ap- 
ennines. 

Central-southern Apennines 

A very consistent feature of regional and global tomog- 
raphy studies (Spakman 1991; Spakman et al. 1993; 
Piromallo and Morelli 1997, 2003; Bijwaard et al. 1998) is 
a zone of negative wave-speed anomalies which is 
imaged in the top 200-250 km under the central- 
southern Apennines. A local teleseismic-tomography 
study (Cimini and De Gori 2001) corroborate this re- 
sult. We note, however, that teleseismic studies can pro- 
duce quite different results for the same region. For in- 
stance, Lucente et al. (1999) find on average zero anoma- 
lies for the upper 170 km under the central-southern 
Apennines. Teleseismic tomography studies are intrin- 
sically hampered by a poor depth resolution (only 
steeply emergent seismic rays are used) and, for the Ital- 
ian region, by the fact that relative travel-time residuals 
are inverted. The latter implies that the average wave- 
speed anomaly for a particular depth is invisible, and 
thus a low or high wave-speed layer cannot be imaged 
properly. 

Overall, results from independent studies mostly lend 
support for the case that no positive-anomaly connec- 
tion exists between the Adriatic plate and the deeper 
positive anomaly imaged below 200-250 km. Proposed 
interpretations of this feature include (i) a slab window 
(absence of slab or subducted continental lithosphere; 
Amato et al. 1993); ( ii ) subduction of a promontory of 
continental lithosphere (Lucente et al. 1999; Lucente 
and Speranza 2001); ( iii ) lithosphere attenuated by a hot 
asthenospheric wedge (Amato et al. 1993; Cimini and 
De Gori, 2001); (iv) deep (250 km) slab detachment 
(Lucente and Speranza 2001), in which case the low ve- 
locities above 250 km depth are still assigned to sub- 
ducted continental lithosphere; and (v) shallow slab de- 
tachment (Wortel and Spakman 1992, 2000; Cimini and 
De Gori 2001; Panza et al. 2003), in which case the low 
wave-speed anomaly represents mobile (asthenosphe- 
ric) mantle. 
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Calabria 

The Calabria slab is imaged across the entire upper man- 
tle in regional/global mantle models (e.g. Spakman et al. 
1993; Amato et al. 1993; Cimini and De Gori 1997; Piro- 
mallo and Morelli 1997, 2003; Bijwaard et al. 1998; BS2000) 
and detailed local tomography models (e.g. Selvaggi and 
Chiarabba 1995). Compared to the studies of the eighties 
and early nineties, the broad positive anomalies in the 
transition zone, particularly the flat lying portion of the 
Calabria slab (anomaly C in Fig. 2.4), are imaged more 
clearly in the recent tomographic models. These flat 
anomalies, or parts of them, in the transition zone of the 
western Mediterranean were already present in the mod- 
els of Cimini and De Gori (1997), Piromallo and Morelli 
(1997, 2003), and Lucente et al. (1999) although with a 
different morphology and depth extent as compared to 
our models BSE (Bijwaard et al. 1998) and BS2000. 



2.3.2 The Betic-Rif and Alboran Region 

Beneath the Betic-Rif and Alboran region a positive anom- 
aly is found from the base of the crust across the entire 
upper mantle (Fig. 2.4). The deeper part of the anomaly 
extends more to the ENE of the Alboran region. At the base 
of the upper mantle it underlies a large part of the east 
Iberian margin and the Valencia basin. Figure 2.6a dis- 
plays a W-E cross section through the anomaly which 
clearly shows an eastward dip and confinement of the 
anomaly to the upper mantle. Cross sections with a more 
N-S orientation exhibit no dip. Figures of Appendix 2 al- 
low to follow this anomaly along many W-E directed slices. 



Previous tomographic studies, based on different to- 
mographic approaches and data sets, have already 
imaged a positive anomaly in the upper mantle of the 
Betic-Rif/ Alboran region. Blanco and Spakman (1993) 
and Spakman et al. (1993) find the anomaly from a depth 
of 200 km downward, whereas Seber et al. (1996), Bij- 
waard et al. (1998), and Calvert et al. (2000) image the 
anomaly locally from sub-Moho depth downward. The 
latter authors prefer a division into two separate bodies 
which however are not imaged in BS2000. Piromallo and 
Morelli (1997, 2003) find a positive anomaly connection 
below northern Morocco, but most of the positive anom- 
aly is overlain by low wave-speed anomalies. 

Figure 2.9 shows a 3-D cartoon schematically depict- 
ing the geometry of the positive anomaly in model 
BS2000. Several options exist for its interpretation, each 
associated with a different geodynamic process: (z) dela- 
mination of the lithospheric mantle (Seber et al. 1996; 
Calvert et al. 2000), (ii) removal of thickened continen- 
tal lithosphere (Platt and Vissers 1989), and (iii) sub- 
ducted lithosphere (Blanco and Spakman 1993; Spakman 
et al. 1993). Gutscher et al. (2002) combined the positive 
anomaly of model BS2000 with marine-seismic obser- 
vations of a deforming fore-arc west of Gibraltar. They 
propose a still active eastward-dipping subduction sys- 
tem involving a continuous slab. Blanco and Spakman 
(1993) and Spakman et al. (1993) proposed an interpre- 
tation of a completely detached slab because only low 
velocities were imaged above 200 km in their models. 
The recent tomography results, which are based on much 
more accurate data, weaken the basis for their detach- 
ment interpretation, at least where complete slab break- 
off is concerned. 



Fig. 2.9. 

Cartoon displaying our inter- 
pretation of the 3-D geometry 
of imaged structure below the 
Betic-Rif- Alboran region. For 
more explanation see text 
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2.4 Analysis: The Geodynamic Evolution of the 
Western Mediterranean 

Several detailed reconstructions of the tectonic evolu- 
tion of the Western Mediterranean s.l. have been pub- 
lished which are based on interpretations of geology, 
magnetic anomalies, and marine seismics in the overall 
context of Africa-Europe convergence (e.g. Dercourt et al. 
1986; Dewey et al. 1989; Lonergan and White 1997; Gue- 
guen et al. 1998; Jolivet and Faccenna 2000; Gelabert et al. 
2002; Rosenbaum et al. 2002a; Frizon de Lamotte et al. 
2000; Mantovani et al. 2002; Cavazza and Wezel 2003). 
Also attempts were made to combine tectonic reconstruc- 
tions with inferences made from seismic tomography 
(e.g. Wortel and Spakman 1992; De Jonge et al. 1994; Car- 
minati et al. 1998; Wortel and Spakman 2000; Faccenna 
et al. 2001a, 2001b, 2003). These kinematic and geody- 
namic models differ considerably in detail, basically be- 
cause the scarcity of data allows for degrees of freedom 
in their interpretation. But they all share the notion that 
slab roll-back is invoked as the most prominent process 
for reshaping the region in the past 25-30 Ma. Roll-back 
started in the northwest, along the Oligocene Iberian- 
margin, and progressed outward to the southwest, south, 
and southeast. As a result the Liguro-Proven^al basin was 
opened in the central Western Mediterranean, the Albo- 
ran-Algerian basin in the south and, as a second phase, 
the Tyrrhenian basin in the southeast (see Transect III, 
this publication). Details of the roll-back evolution are 
still poorly known. 

Most of the above cited kinematic and geodynamic 
models focus on the Cenozoic evolution. Reconstruc- 
tions of the pre-Cenozoic evolution (e.g Stampfli and 
Borel 2002; Stampfli et al. 2002; Stampfli and Borel, this 
publ.; Schettino and Scotese 2002) show the origin of 
the oceanic areas that were involved in west Mediterra- 
nean and Alps subduction processess since the mid-Cre- 
taceous. Two small oceans bordered the south Iberian- 
European margin since the Late Triassic. To the south- 
west, the Ligurian ocean opened between Africa, Iberia, 
and Adria, as the result of a left-lateral transform mo- 
tion between Iberia and Africa- Adria associated with 
the opening of the central Atlantic. The northern limit 
of the Ligurian ocean is assumed to be more or less in 
line with the North-Pyrenees fault system (Schettino and 
Scotese 2002; Stampfli and Borel, this publ.). North-east 
of the Ligurian ocean, and north of the Adria block, the 
Alpine Tethys either already existed as the most west- 
ern part of the Neo-Tethys (Schettino and Scotese 2002), 
or was opened since the Late Triassic as a result of the 
same transform motion that caused the Ligurian ocean 
(Stampfli and Borel, this publ.). In both reconstructions, 
the Ligurian ocean was connected in the north with the 
Alpine Tethys. Spreading in the Ligurian ocean came to 
a halt during the Early/mid-Cretaceous and the basin 



became incorporated as a passive embayment in the 
Iberia- Africa- Adria domain. Since the mid-Cretaceous, 
this entire domain experienced a counterclockwise ro- 
tation with respect to central Europe associated with the 
opening of the South Atlantic (e.g. Stampfli and Borel, 
this publ.). As a result of this motion the western Al- 
pine-Tethys (Piemont/Valais ocean) was overrriden by 
the Adria block and perhaps also by the northern part 
of the Ligurian ocean. This convergence culminated in 
the closure of the Pyrenees- Valais basin and western/ 
central Alps orogeny during the Eocene-Oligocene pe- 
riod when Adria collided with Europe. 

Destruction of the western Alpine-Tethys effectively 
locked the Ligurian ocean between Africa, Iberia, cen- 
tral Europe, and Adria. Continuing convergence between 
the African and European plates may have caused the 
onset of NW-directed subduction of the Ligurian ocean 
along the east Iberian margin. According to some stud- 
ies, initiation of this subduction system may have com- 
menced earlier (Late Creteaceous; Schettino and Scotese 
2002; Faccenna et al. 2001a) whereas many other recon- 
structions assume initiation of subduction during the 
Tertiary. The latter timing is related to the Late Oligocene 
opening of the Valencia basin. Because the Ligurian ocean 
got trapped (land-locked) during the Eocene between the 
slowly converging African and European plates, roll-back 
of the gravitationally unstable Ligurian ocean lithosphere 
eventually took over as the dominant mode of subduction 
(Le Pichon 1982; Wortel and Spakman 1992, 2000; Jolivet 
and Faccenna 2000). In the following, the remnants of 
subducted lithosphere found in the mantle under the 
Western Mediterranean and Alps region will be identified 
as parts of the Ligurian ocean and of West Alpine-Tethys. 



2.4.1 Tomographic Evidence for Slab Roll-back 

Seismic tomography has basically substantiated the 
presence of subducted lithosphere in the Western Medi- 
terranean mantle and, importantly, has provided the 
missing evidence for slab roll-back by means of the ob- 
served flat geometry of the Apennines-Calabria slab. 
Slabs that flatten in the transition zone have been ob- 
served under back-arc basin behind several other re- 
treating subduction systems such as the Izu-Bonin sub- 
duction (Van der Hilst et al. 1991), the Tonga-Kermadec 
subduction (Van der Hilst 1995; Bijwaard et al. 1998), and 
behind the Melanesian arc in the region east of Australia 
(Hall and Spakman 2002). Convection modeling stud- 
ies (e.g. Olbertz et al. 1997; Christensen 1995, 2001; 
Cizkova et al. 2002) and tank experiments (e.g. Griffitts 
et al. 1995; Becker et al. 1999) conclusively demonstrated 
that slab roll-back of more than a few cm yr _1 may cause 
subducted slab to flatten above the upper-to-lower man- 
tle transition as a result of encountering (initial) resist- 
ance against lower-mantle penetration by the slab. 
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2.4.2 Northern Apennines and Alpine-Tethys 
Subduction 

Below the Po plain and the northernmost Apennines, 
the southward underthrusting Eurasian plate meets with 
the westward dipping north- Apennines slab. The Euro- 
pean margin may reach a depth of 200 km but is tomo- 
graphically difficult to distinguish from the Adriatic 
plate under the Po plain. However, for the steeply dip- 
ping anomalies reaching a depth of 300 km beneath this 
region, close inspection of cross sections (Appendix 2) 
suggests a geometry of subducted/overriden Ligurian- 
Adriatic lithosphere which is strongly curving to the 
west below the Po plain and continues up to the West- 
ern Alps. In our cartoon (Fig. 2.5) we indicate this inter- 
pretation with a question mark. 

Slightly to the south-east, Lucente et al. (1999) and 
Lucente and Speranza (2001) propose the presence of a 
long (700 km) westward subducted slab below the north- 
ern Apennines (Tuscany). The Oligocene-to-present ex- 
tension in the northern Liguro-Proven9al basin amounts 
to only about 250 km (Faccenna et al. 2001a) and thus 
cannot explain the inferred slab length. Faccenna et al. 
(2001a) combine these inferences with the geological 
development of the northeastern Iberian margin and 
propose that initiation of Ligurian ocean subduction 
dates back to about 80 Myr. The tomography results pre- 
sented here allow for different interpretations of the posi- 
tive anomalies in the northern Apennines mantle. As 
noted in the first part of Sect. 2.3.1, the top-400 km of 
the north- Apennines slab is nearly centered above the 
flat lying transition-zone anomaly A (Fig. 2.4, 500 km 
depth). This peculiar geometry is well resolved (Appen- 
dix 1) and may suggest a lithosphere slab plunging into, 
and “feeding”, a broad transition-zone anomaly where 
lithosphere material spreads in many directions. For sev- 
eral reasons, this interpretion is rather unrealistic. First, 
the rheological feasibility of such lateral flow in the tran- 
sition zone is highly questionable. Secondly, the amount 
of subduction implied by the geometry of the slab and 
transition zone anomaly is much larger than 1 000 km 
which by far exceeds the E-W extent of the northern part 
of the Ligurian ocean between Iberia and continental 
Adria in tectonic reconstructions of the past 100 Myr (e.g. 
Stampfi and Borel,this publ.; Schettino and Scotese 2002). 

An alternative explanation, which we prefer, is that 
the slab anomaly above the transition zone is actually 
unrelated to transition zone anomaly A described above. 
This interpretation allows for eastward overriding of the 
Ligurian- Adriatic lithosphere by only a few hundred km 
corresponding to a similar amount of opening of the 
northern Liguro-Proven9al basin. We propose that anom- 
aly A represents the remnant of the West Alpine-Tethys 
(or Piedmont ocean) and thus - as introduced earlier - 
results from S-dipping subduction below the Ligurian- 



Adria domain created by northward overriding of the 
Piedmont ocean by the Ligurian- Adria domain. This in- 
terpretation is consistent with the fact that anomaly A is 
partly found in the lower mantle which suggests a longer 
history than - for instance - theApennines-Calabria sub- 
duction. Oligocene detachment of the West Alpine-Tethys 
slab under the Alps (Davis and Von Blanckenburg 1995) 
allowed it to sink further into the upper mantle and drape 
itself on the 66 0 km discontinuity. We note that the ge- 
ometry of flat lying slabs can also result from a situation 
in which an oceanic basin is being actively overriden. 
We estimate the NS extent of Piedmont ocean to be be- 
tween 500 and 600 km. Its EW extent has been a few hun- 
dred km larger. This interpretation of anomaly A implies 
that Europe has hardly moved with respect to the mantle 
during the second half of the Cenozoic and that flat-ly- 
ing remnants of subducted slab can reside for 30 Myr or 
more in the upper mantle transition-zone. According to 
its position in the mantle, the Piedmont ocean may have 
existed in the region east of the Pyrenees up to and in- 
cluding the central Alps. We remark that remnants of 
subducted lithosphere with a coeval or even older sub- 
duction history have also been identified elsewhere in 
the mantle (e.g. Van der Hilst et al. 1997; Bijwaard et al. 
1998; Van der Voo et al. 1999a, b; Hall and Spakman 2002). 

In line with our interpretation of anomaly A, we in- 
terpret anomaly D (Fig. 2.4) as the remnant of the east 
Alpine-Tethys of which the subduction history is quite 
different from the Piedmont ocean and specifically re- 
lated to the evolution of the Austro-Alpine-Carpathian- 
Pannonian domain (e.g. Stampfli and Borel, this publ.). 
Last remnants of the East Alpine-Tethys were subducted 
during the Neogene (e.g. Wortel and Spakman 2000). 



2.4.3 Slab Detachment beneath the 
Central-southern Apennines 

Following our earlier propositions (Wortel and Spakman 
1992, 2000), we interpret the absence of cold (seismically 
fast) Adriatic lithosphere beneath the central and south- 
ern Apennines as a result of slab detachment. The lower 
seismic velocities imaged in the detachment zone result 
from inflow of hot mobile asthenosphere. Other inter- 
pretations have as common factor the subduction of the 
Adriatic continental lithosphere, or more specifically, the 
subduction of a promontory of continental lithosphere 
(Lucente et al. 1999; Lucente and Speranza 2001). We see, 
however, no compelling reasons why such a promon- 
tory would exist or why subducted Adriatic continen- 
tal/transitional lithosphere beneath the south-central 
Apennines should image as a slow wave-speed anomaly. 
In the north, continental Adriatic lithosphere images as 
fast at the surface and as a fast slab anomaly. Similarly, 
the overriden European continental lithosphere below 
the Alps is seismically fast. 
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The detachment hypothesis provides many testable 
predictions for surface development above the detach- 
ment zone and thus can be used as a working hypoth- 
esis to understand geological evolution (Wortel and 
Spakman 1992, 2000; Davies and Von Blanckenburg 
1995)- These predictions concern for example vertical 
motions, and sedimentary depocenter formation and 
migration in central-southern Italy for which laterally 
migrating slab detachment provides a reasonable expla- 
nation (Van der Meulen et al. 1998, 2000). Furthermore, 
numerical modelling (Yoshioka and Wortel 1995; Wong 
a Ton and Wortel 1997) demonstrates that slab detach- 
ment and its lateral migration is a feasible process, par- 
ticularly, in the late stage of subduction when continen- 
tal lithosphere enters the trench. Modelling results by 
Van der Zedde and Wortel (2001) show that slab detach- 
ment can occur at shallow levels (e.g. Moho depth) and 
that inflow of hot asthenosphere and subduction wedge 
material can raise the geotherm considerably (creating 
slow seismic anomalies) to the point that the mantle and 
lower crust can start to melt. As noted by Wortel and 
Spakman (1992, 2000) and Davies and Von Blanckenburg 
(1995), slab detachment may cause a specific change in 
character of the geochemistry of volcano products from 
more subduction-related calc-alkaline to more alkaline 
(potassium enriched). Because of the geochemical com- 
plexity of volcanic rock in the region (e.g. Serri et al. 
2001) interpretation is still controversial. For example, 
Doglioni et al. (1999) relate the high-potassium content 
to the subduction of Adriatic continental lithosphere 
(see Transect III, this publ.). 



2.4.4 Calabria Subduction 

The detachment gap becomes smaller toward the Ca- 
labria arc. Whether the Calabria slab is still attached to 
the Ionian basin (Neo-Tethys) lithosphere is question- 
able. Although tomographic mantle models mostly show 
a continuous slab up to the crust, none of these models 
possesses the spatial resolution to exclude a small de- 
tachment gap as would result from shallow and recent 
(e.g., past million years) slab detachment. Indicative for 
a continuous slab would be progressing slab roll-back 
which can be expected because Ionian oceanic lithos- 
phere is still found east of the trench. Wortel and Spak- 
man (2000) argue on the basis of space geodetic obser- 
vations of crustal motion that at present evidence for 
strong roll-back is absent. These observations show a 
distinct contrast between the speed of Aegean roll- 
back (about 3 cm yr _1 . Noomen et al. 1996; McClusky 
et al. 2000) and southern Apennines-Calabria-Sicily 
motion which more closely follows the motion of Africa 
(< 1 cmyr -1 ) relative to the European plate (Noomen 
et al. 1996; Oldow et al. 2002). The observed small 
(« 1 cmyr -1 ) eastward component of southern Apen- 



nines motion (Oldow et al. 2002) cannot be uniquely at- 
tributed to roll back since it can also be explained by 
extrusion of a crustal block, as a result of continuing Af- 
rica-Europe convergence, above a detached-slab setting. 



2.4.5 The North African Margin 

Below northern Sicily we find the free edge of the Apen- 
nines-Calabria slab. Tomography does not show sub- 
ducted slab beneath the African margin except for a 
zone beneath east Algeria. This corresponds to the lo- 
cation where the Kabylies (derived from the Iberian 
margin) accreted around 15 Ma ago with the African 
margin (e.g. Frizon de Lamotte et al. 2000). Carminati 
et al. (1998) proposed that vertical slab tearing, east of 
the Kabylies, initiated the last phase of slab roll-back 
which led to the opening of the Tyrrhenian basin. De- 
tachment tearing of the slab along the African margin 
may have turned into a lithosphere (surface) tear-fault 
along the African margin propagating toward Sicily 
(Carminati et al. 1998; Wortel and Spakman 2000). 
Faccenna et al. (2001b) observed in tank experiments 
an acceleration of slab roll back after the slab starts to 
interact with the 660 km discontinuity. They propose 
that this interaction can explain the accelerated open- 
ing of the Tyrrhenian basin after an apparent stalling of 
the roll-back process. A combination of slab interaction 
with the 660 km discontinuity and slab rupture proc- 
esses should be considered possible. Eastward migra- 
tion of slab detachment 1 and lithosphere tearing ex- 
plains why tomography shows no north- dipping slab 
between east Algeria and Sicily. This development along 
the African margin is in line with the original sugges- 
tion made by Lonergan and White (1997): they propose 
that southward roll back of Ligurian ocean toward the 
African margin came to a halt in the middle Miocene 
after which plate rupture initiated below the African 
margin and progressed in two directions: to the east fa- 
cilitating slab roll-back toward present-day Calabria 
(creating the Tyrrhenian basin), and to the west facili- 
tating slab roll back toward Gibraltar (creating the Al- 
boran- Algerian back-arc basin) (Fig. 2.11). 

Westward migrating slab-detachment below Alge- 
ria is proposed by Coulon et al. (2002) who observe a 
distinct change from calc-alkaline subduction-related 



1 With slab detachment we mean lateral tearing of the subducted 
slab beneath depths of say 40-50 km along a more or less hori- 
zontal fault plane cutting the slab (see Wortel and Spakman 2000). 
Lithosphere tearing cuts the surface and propagates along a more 
vertical fault plane. The horizontal slab-detachment fault can turn 
into a vertical lithosphere fault and viceversa. This depends for 
instance on the development of the angle between the strike of 
the roll-back system and the local strike of the continental mar- 
gin: perpendicular strikes would favor lithosphere tearing where- 
as a parallel strike would favor detachment. 
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arc volcanism (12-9 Ma) to more alkaline volcanism 
(4-0.8 Ma) with a distinct asthenospheric/plume con- 
tribution. Slab detachment along the entire African 
margin is in accord with the observation that this 
margin is under compression since the Pleistocene as 
a result of continuing Africa-Europe convergence 
(Frizon de Lamotte et al. 2000; Bracene and Frizon 
de Lamotte 2002). All of these observations are con- 
sistent with the fact that no north-dipping slab is 
found under the African margin (except locally be- 
low the east Algerian margin). Importantly, all geo- 
logical interpretations invoke the presence of lithos- 
phere slab below this margin at some period in the 
past. The subducted lithosphere, however, is now 
found at the base of the upper mantle and as dipping 
slabs at either extremity of the present Western Medi- 
terranean. 



2.4.6 Betic-Rif and Alboran Region: 

I. Subduction and Roll-back of 
Predominantly Oceanic Lithosphere 

In line with Gutscher et al. (2002) we prefer to explain 
the Betic- Alboran BS2000 anomaly by subduction of 
(mostly) oceanic lithosphere. The alternatives of con- 
vective removal of thickened lithosphere and of dela- 
mination of the continental lithospheric mantle are at- 
tractive processes, and perhaps may have contributed 
to the mantle anomaly, but fail to explain the origin of 
the largely oceanic Neogene Alboran-Algerian basin. 
More promising in this respect is a westward roll-back 
model (Royden 1993; Lonergan and White 1997) in which 
the Alboran-Algerian basin can develop as a back-arc 
basin (which may include thinning of the continental 
Alboran microplate). Roll-back should have involved 
predominantly oceanic lithosphere because lithosphere 
delamination (or a convective removal mechanism) 
would have left at least the upper crust at the surface in 
the entire Alboran- Algeria basin, which is not observed. 
A slab retreating southward toward the African margin 
would provide an alternative for creating the Algerian 
basin. However, no north-dipping slab is observed with 
tomography. Instead the prime candidate to fuel regional 
geodynamics is found below the Betic-Rif region, which 
in fact implies that a northward dipping slab, creating 
the Algerian basin, may have eventually rolled westward. 

For the sake of clarity we emphasize that, as for the 
Apennines subduction systems, the Betic- Alboran slab 
does not result from west- east convergence between 
plates but should be viewed as unstable lithosphere sink- 
ing passively into the mantle (with possible south- and 
westward components of retreat) and being replaced at 
the surface by a back-arc basin which may contain conti- 
nental fragments (Alboran microplate). Delamination of 
continental mantle (Seber et al. 1996; Calvert et al. 2000) 



may start to get involved in the subduction process in its 
advanced stage when slab roll-back has reached the 
present Betic-Rif region. This depends on the distribu- 
tion of oceanic and continental lithosphere in the region 
between Africa and Iberia. Recent paleogeographic 
reconstructions (Rosenbaum et al. 2002b; Schettino and 
Scotese 2002; Stampfli and Borel, this publ.) all suggest 
that, since about 150 Myr, at least a small stripe (less 
than 200 km) of Ligurian ocean lithosphere separated 
Iberia and Africa until it became involved in the Betic- 
Alboran subduction. Still, at present continental lithos- 
phere may also be involved by delamination in the roll- 
back process. 

Many arguments for slab roll-back in the Alboran 
region are given by Lonergan and White (1997) and 
will not be repeated here. We like to add the following 
inferences which are all in line with a model of WSW- 
directed slab retreat and consistent with observed man- 
tle structure: 

1. The conspicuous arcuate geometry of the slab anom- 
aly in the upper few hundred kilometers (particu- 
larly around a depth of 200 km) is quite similar to 
that of the retreating Calabria slab. 

2. Platt et al. (2003) demonstrate that, in the Middle Mi- 
ocene, the Alboran domain was at least about 250 km 
to the ESE of its present position with respect to Ibe- 
ria and 200 km to the ENE of its present position with 
respect to the African margin. They suggest that con- 
vergence of the Alboran domain with Iberia and Af- 
rica results from lithosphere roll-back in a westerly 
direction (coeval with Africa- Iberia convergence in a 
roughly NNW direction). The WNW convergence of 
the Alboran domain with Iberia proves to be about 
perpendicular to the arcuate geometry of the slab 
anomaly imaged at a depth of 200 km (Fig. 2.4). 

3. Duggen et al. (2003) combine the evidence for an east- 
dipping Betic- Alboran slab (Gutscher et al. 2002) with 
the spatial-temporal evolution of calc-alkaline to al- 
kaline volcanism in the Betic-Rif and Alboran re- 
gions. They propose to explain their observations by 
a model of westward slab retreat which invokes litho- 
sphere rupture along the north African and Betic- 
Balearic margin allowing for inflow of asthenospheric 
mantle in the lithosphere tear-zones. 

4. From detailed marine-seismic observations and the 
geology of the Balearic margin, Acosta et al. (2002) 
infer southeast migration of the Alboran microplate 
during the Late Oligocene and Miocene and opening 
of the Alboran- Algeria basin behind it, while in the 
north the Valencia basin is opening and the Balearic 
Islands undergo clockwise rotation. Also, these au- 
thors report a transition from calc-alkaline to alka- 
line volcanism pointing at early slab detachment or 
southwestward lithosphere tearing along the Balearic 
margin. 
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Tectonic reconstructions place Betic-Alboran frag- 
ments in the Oligocene Balearic margin (e.g. Lonergan 
and White 1997; Rosenbaum et al. 2002a; Stampfli and 
Borel, this publ.) implying at least 400 km of westward 
transport to the present Betic-Rif system. The Early 
Miocene orogenic collapse event of Platt and Vissers 
(1989) occurred along the Balearic margin where it 
evolved in a tectonic environment of WSW-directed slab 
roll-back which was likely accommodated by SW-ward 
propagating slab detachment or lithosphere tearing. Al- 
though more research is needed, lithosphere tearing may 
cause considerable subsidence (juxtaposed to uplift at 
the other side of the lithosphere tear) and may allow for 
exhumation of mantle rock (Ronda peridotite) along the 
lithosphere tear (Duggen et al. 2003). These observations 
along the Balearic margin are consistent with the ab- 
sence of a north (or south) dipping slab under this mar- 
gin, and with the observed east-dipping Betic-Alboran 
slab found to the southwest. 



2.4.7 Betic-Rif and Aiboran Region: II. Development 
of Arc Geometry and Subduction Roll-back 

The shape of the Betic-Alboran slab, e.g. at a depth of 
200 km, correlates quite conspicuously with the asym- 
metry in arcuate shape between the Betic and Rif oro- 
gens - the Betic orogen being much larger than the Rif 
orogen - and with the spatial distribution of Neogene 
volcanism (e.g. Lonergan and White 1997). The recon- 
struction of Betic-Rif shortening by Platt et al. (2003) 
leads to shortening directions roughly perpendicular to 
the slab (as imaged at 200 km depth). These observa- 
tions point at a possible relation between the shape of 
the slab and the (creation of) arcuate geometry of the 
Betic-Rif orogen. Duggen et al. (2003) propose that part 
of the Iberian continental lithosphere, attached to the 
Ligurian ocean, delaminated in the roll-back process in 
the Late Miocene. In this case, at least the top part of the 
slab (e.g. from 145 to 250-300 km) could consist of dela- 
minated lithosphere. In map view (Fig. 2.4), the arcuate 
geometry of the slab can more or less be followed with 
increasing depth from which we infer that it rather is a 
deep feature of the slab, independent of lithosphere dela- 
mination. In the following, we will relate this feature to 
the evolution of the roll-back process. 

Slab roll-back can transport continental fragments 
over large distances (e.g. Betics, Corsica-Sardinia, Kab- 
ylies, Calabria, Aiboran microplate) but does not neces- 
sarily imply the building of mountain belts. Special cir- 
cumstances are needed, for instance effects of continen- 
tal margin geometry or continental margins entering 
the trench, to lead to orogenic activity. The BS2000 re- 
sults show that the slab is located only slightly under 
the Rif margin whereas it largely underlies the Betics 



(e.g. at a depth of 200 km). The Rif orogen is created at 
the location where the African margin turns toward a 
NW strike (Fig. 2.1), thus, where westward slab roll-back 
(accommodated by E- W lithosphere tearing) would start 
to involve the continental margin (and possibly lithos- 
phere delamination). The slab’s north-south extent is 
narrowing in the top 200 km toward Gibraltar. At 200 km 
depth, the slab width along strike is 400 ± 50 km whereas 
Africa and Iberia have been separated by a much smaller 
distance. We suggest that the strong curvature of the slab 
at 200 km depth is the result of the narrow(ing) corri- 
dor between the African and Iberian margins. Along the 
African margin roll-back is more advanced toward the 
west, as reflected by the position of the slab under the 
Rif orogen compared to that below the Betic Cordillera. 
Lithosphere tearing has accommodated faster westward 
roll-back along the African margin whereas roll-back/ 
lithosphere tearing was inhibited or stalled temporarily 
against the Betic margin. This leads to an evolution of 
trench positions as depicted qualitatively in Fig. 2.10. In 
the late Miocene, detachment below the eastern Betics, 
possibly involving continental lithosphere, must be in- 
voked to allow the slab to deflect to its position under 
the Betic region. Slab detachment under the Betics is 
consistent with the noted trends from calc-alkaline to 
alkaline volcanism and the recent uplift of Neogene ba- 
sins along the Betic margin (e.g. Lonergan and White 
1997; Duggen et al. 2003). The position of the slab under 
the African margin is consistent with small, but continu- 
ing, NNW-directed motion of Africa. 

Lastly, we remark that, in map view, the Betic-Rif slab 
geometry is like a mirror-image of the Calabria slab (e.g. 
at a depth of 200 km). Also for the Calabria subduction 
the corridor for slab roll-back narrowed between the 
Adriatic and African margin. In this comparison, the 
Apennines are in a similar position as the Betic orogen 
(including slab detachment) whereas the free end of the 
Calabria slab below Sicily compares well with that of the 
Betic-Alboran slab under the Rif orogen (including the 
lithosphere tearing along the African margin). The angle 
between the continental margins of Africa and Iberia is 
however much smaller than the angle between the mar- 
gins of Africa and Adria which may entail a different evolu- 
tion of slab geometry and crustal response in both regions. 



2.4.8 Synthesis of Tomographic Constraints 
on the Geodynamic Evolution of the 
Western Mediterranean Region 

The surface area occupied by the Ligurian ocean can be 
reconstructed by restoring the Betic-Alboran and Ap- 
ennines slabs to their former position at the surface 
(Fig. 2.11a). We estimate from the E-W tomographic cross 
sections a length of about 700-800 km for the Betic- 
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Fig. 2.10. Kinematic evolution of slab roll-back in the Betic-Rif-Alboran region. Grey shaded area gives the present location of the 
Betic-Alboran slab at a depth of 200 km (cf. Fig. 2.4). The location of the African margin is denoted by dashed/dotted lines for 10 and 
23 Ma ago (after Gueguen et al. 1998). The dashed line on the right indicates the outline of that part of the Ligurian ocean that rolled- 
back to form the Betic-Alboran slab (see Fig. 2.11). Curved lines denote the location of the subduction trench through time, starting at 
the Balearic Islands and ending at the time of slab detachment under the Betic (Late Miocene). Initially, south- and southwest-ward 
roll-back moved the trench in a roughly SW direction while slab bending progressed. Lithosphere tearing along the Balearic margin in 
a WSW direction occurred already in the Early Miocene and facilitated slab roll-back. During the Middle Miocene the trench reached 
the African margin in the south after which slab detachment initiated and migrated to the west along the African continental margin. 
This lithosphere rupture facilitated the westward turning of the roll-back system. When the angle between trench and margin became 
large enough, slab detachment evolved into lithosphere tearing along the African margin eventually leading to a margin-perpendicu- 
lar trench (slab). Along the Balearic margin, lithosphere tearing came to a halt at some time during the Middle-Early Miocene perhaps 
as the combined effect of (i) encountering a southward-directed turn in the continental Iberian-Balearic margin, i.e. a strong narrow- 
ing of the Africa-Iberia corridor (see Bos et al. 2003 for an analogous situation in the Taiwan region), and (ii) of faster slab roll-back to 
the south. The trench rotated and turned parallel to the Iberian margin while lithosphere tearing and faster roll-back along the African 
margin continued. Such a slab-bending process seems necessary to facilitate subduction to pass through the narrow corridor between 
Africa and Iberia and basically caused the present-day geometry of the slab as imaged at 200 km depth. When the trench became more 
or less parallel to the Iberian margin, Early-Miocene slab detachment allowed the slab to tear away and deflect under the Betic by 
which it facilitated the last phase of roll-back to the west, leading to the geometry as imaged by tomography 



Alboran slab which defines its extent along the African 
margin. Because the anomaly broadens with depth to- 
ward the NE we expect that the part of the Ligurian 
ocean associated with this subduction extended more 
to the NE (along the Balearic margin). For the Calab- 
rian subduction we estimate a slab length between 1 000 
and 1 100 km in a NW direction. This is shorter than the 
estimate of 1 200 km of Faccenna et al. (2001a) which is 
based on the tomographic model of Lucente et al. (1999). 
The difference is related to our interpretation of the flat 
lying anomaly A (West Alpine-Tethys) which we do not 
incorporate in the length estimate. With these estimates, 
space is left in the surface reconstruction for the east 
Algeria slab. The length of the northern Apennines slab 
we estimate to be between 300 and 400 km. Figure 2.11a 
shows the entire area of the Ligurian ocean region af- 
fected by subduction in the past 30 Ma. The three slab 
surfaces of the southern systems meet at the surface 
between the Balearic Islands and Sardinia. This configu- 



ration of the Ligurian ocean is in agreement with the 
starting geometry of many tectonic reconstructions. We 
note that the transition zone anomaly A is not needed 
for this reconstruction. This also attests for its different 
origin independent of Ligurian ocean subduction. We 
also note that part of the Calabria slab may in fact con- 
sist of Neo-Tethys ocean. Plate tectonic reconstructions 
(e.g. Stampfli and Borel, this publ.; Schettino and Scotese 
2002; Rosenbaum et al. 2002) do not agree on how the 
Ligurian ocean was connected in the SE to the Neo- 
Tethys ocean which makes it difficult to distinguish be- 
tween Ligurian and Neo-Tethys contributions to the 
Calabria slab. 

In Fig. 2.11a we assume that initiation of Ligurian 
ocean subduction occurred along the Sardinia-Corsica 
segment which we consider to be the zone of greatest 
lithosphere weakness, considering its proximity to the 
Pyrenees orogeny (up to Eocene) and the Pyrenees-to- 
Alps suture left after Alpine collision s.s. in the Eocene. 
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Fig. 2.11. a Surface reconstruction of the Ligurian ocean based on the amount and geometry of subducted slab as estimated from the 
BS2000 tomography model. Dash-dotted lines denote the African margin at about 10 Ma, while dotted lines denote the location of the 
Balearic Islands, Corsica and Sardinia, and the African margin in the Late Oligocene/Earliest Miocene (after Gueguen et al. 1998). The 
reconstruction assumes a short 300-400 km north- Apennines slab, a 1000-1100 km Calabrian slab (measured along a NW-SE line) and a 
700-800 km long Betic-Alboran slab. This leaves space for the East- Algeria slab as imaged by tomography. We note that part of the 
Calabria slab may actually derive from Ionian (Neo-Tethys) lithosphere; by how much is unknown. The remnant of the West Alpine- 
Tethys (anomaly A; Fig. 2.4) is not used for this reconstruction. The thick solid line gives an impression of the trench location at about 
15 Ma, after which slab detachment initiated along the African margin, b Schematic indication of where we propose that slab detachment 
and lithosphere tearing occurred to facilitate the overall development of roll-back of the Ligurian ocean. Continuous slab is assumed 
below Gibraltar and the northern Apennines. Continuity of the Calabria slab is doubtful 



Dissociation of the Betic-Alboran slab, the east Alge- 
rian slab, and the Apennines slab is a necessary result of 
accumulating tensional stresses due to surface enlarge- 
ment during subduction roll-back. It may have occurred 
along preexisting weakness zones and even before the 



late Miocene opening of the Tyrrhenian basin. The 
counterclockwise rotation of Corsica and Sardinia is 
much larger than the clockwise rotation of the Balearic 
margin. This suggests much larger initial roll back in 
the former region which points at a quite early decou- 
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pling between the two major subduction systems. Par- 
ticularly, to accommodate the southeastward roll-back 
of narrow Betic-Alboran slab it seems geometrically 
necessary to initiate early tearing of the Ligurian ocean 
lithosphere along the Balearic margin. The work of 
Acosta et al. (2002) suggests that lithosphere tearing may 
have commenced already in the Early Miocene, coeval 
with the extensional event of Platt and Vissers (1989). A 
transpressive stress regime associated with tear propa- 
gation - due to continuing convergence between Africa 
and Europe - would give an explanation for the observed 
compression in Majorca coeval with Valencia basin ex- 
tension (Gelabert et al. 1992). 

In Fig. 2.11b, we schematically indicate the conse- 
quences of slab retreat for the development of slab de- 
tachment below the north African margin developing into 
propagating lithosphere tearing in the west and east (as 
suggested earlier by Carminati et al. 1998 for the eastern 
segment and by Duggen et al. 2003 for the Betic-Alboran 
region). Beneath Gibraltar and the northern Apennines 
the slabs are assumed to be continuous as evidenced by 
continuing fore- arc deformation (Gutscher et al. 2002; 
Lucente and Speranza 2001; Carminati et al. 2003). 



2.5 Summary 

Our interpretation of Western Mediterranean mantle 
structure leads to a surface reconstruction of the Ligu- 
rian ocean prior to its subduction which is in good agree- 
ment with the starting configuration of many independ- 
ent tectonic reconstructions of the Western Mediterra- 
nean. The Betic-Alboran and Apennines-Calabria sub- 
duction are the two governing systems in the geodynamic 
evolution of the Western Mediterranean during the last 
30 Ma. An unknown part of the Calabria slab may derive 
from subducted Ionian (Neo-Tethys) lithosphere. 

Large scale roll-back, as evidenced by tomography, 
must be invoked to explain the present location of the 
subducted slabs. Southward roll-back of the Ligurian 
ocean reached the African-Maghrebian margin, at least 
in its central portion (Kabylies in Algeria). Because no 
N-dipping slabs are imaged beneath either side of this 
region, slab detachment and/or lithosphere tearing along 
the African margin must have assisted the slabs in re- 
treating toward their present position. This independ- 
ently confirms the original suggestion by Lonergan and 
White (1997). 

Following our earlier work (Carminati et al. 1998) we 
stress the important role of lithosphere rupture (i.e. slab 
detachment or lithosphere tearing) in the more detailed, 
late stage, development of slab roll-back in the Western 
Mediterranean. In particular, we propose that lithos- 
phere rupture is a key element in the evolution of Betic- 
Alboran slab roll-back toward the present-day Betic-Rif 



region and in linking slab geometry with the geometry 
of the Betic-Rif orogenic belt. Lithosphere delamination 
may also have played a role in the latest development of 
this region, but this process is not considered impor- 
tant for the overall evolution of the westernmost Medi- 
terranean at large. 

We consider the large transition zone anomaly beneath 
the Alps, southern France and northern Italy as the rem- 
nant of the West Alpine-Tethys (Piedmont ocean) and the 
transition anomaly under the Eastern Alps and Pannoni- 
an basin as the remnant of the East Alpine-Tethys. This 
interpretation implies that during the second half of the 
Cenozoic the European plate was relatively stationary 
with respect to the base of the upper mantle. Importantly, 
the West Alpine-Tethys anomaly is not required for the 
surface reconstruction of the Ligurian ocean. 

We propose a relatively short (300-400 km) and con- 
tinuous northern Apennines slab which may strongly 
curve to the west beneath the Po plain. With this inter- 
pretation we depart from our earlier suggestion of slab 
detachment below the northern Apennines ( Wortel and 
Spakman 1992), but are in contrast with the long slab 
suggested by other researchers (e.g. Lucente et al. 1999; 
Piromallo and Morelli 2003). A short north- Apennines 
slab is sufficient to explain the opening history of the 
northern Liguro-Proven9al basin. 

The negative anomalies found at depths of 200 km 
under the central- southern Apennines are attributed to 
slab detachment, which remains in line with our earlier 
propositions (Wortel and Spakman 1992, 2000). The 
Calabria slab, although imaged up to the crust, may have 
recently detached. We have refined the proposition of 
Blanco and Spakman (1993) and Spakman et al. (1993) 
for complete slab detachment of the Betic-Alboran slab: 
a continuous slab is proposed below the Gibraltar re- 
gion (Gutscher et al. 2002) and slab detachment is con- 
fined to the central-eastern Betic region and probably 
occurred during the Late Miocene (Duggen et al. 2003). 
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The appendix contains seven figures summarizing the 
results of sensitivity tests for different synthetic models. 
See Sect. 2.2 and the caption of Fig. 2.3 for general infor- 
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mation. Inspect Fig. 2.4 for cell dimensions as constructed 
for model BS2000 in the upper mantle below the West- 
ern Mediterranean. See Spakman and Nolet (1988), Spak- 
man et al. (1993), and Leveque et al. (1993) for more infor- 
mation on sensitivity analysis with synthetic models. 

Fig. 2.A1 .1 . Spike test for block size of 0.6 degrees and about 50 km 
thickness in the upper 300 km. Note that the BS2000 model does 
not possess these cell dimensions directly below the Western Medi- 
terranean basins. Generally the sensitivity for 60 km-detail is good 
below the land areas. The amplitude response decreases with in- 
creasing depth but note that the pattern is still reasonably well re- 
covered at 320 km although the individual blocks are below the limit 
of being resolved 

Fig. 2.A1 .2. Spike test for block size of 1.2 degrees and about 50 km 
thickness in the upper 710 km. As for the 0.6 degree cells, the 1.2 de- 
gree cells are not constructed everywhere in the BS2000 model. Note 
that where 0.6 degree cells are used in the BS2000 model, we can 
perform a sensitivity test for 1.2 degree structure. With increasing 
depth, the sensitivity for 1.2 degree (50 km thick) detail decreases, 
although it stays good below the European land areas and the Adri- 
atic. Below the Western Mediterranean detection of this detail is highly 
variable with position in the mantle. Specifically, this detail is diffi- 
cult to image in the westernmost Mediterranean and under Iberia 
Fig. 2.A1.3. Spike test for block size of 1.8 degrees and about 
100 km thickness in the upper 710 km. This detail is very well re- 
coverable in the synthetic test, although not perfect. But it is suffi- 
cient to interpret mantle anomalies such as the Betic-Alboran slab 
Fig. 2.A1 .4. Spike test for block size of 2.4 degrees and about 120 km 
thickness in the upper 710 km. This detail is generally well recov- 
ered. Some anomaly smearing occurs, particularly, in locations 
where the sensitivity for smaller scale detail is reduced 
Fig. 2.A1 .5. Spike test for block size of 3.0 degrees and about 120 km 
thickness in the upper 710 km. Similar to the 2.4-degree blocks, 
3.0 degree structures are generally well recovered 
Fig. 2.A1.6. The sensitivity for different scales of detail at a depth 
of 710 km (uppermost lower mantle). Note that the penetration of 
the West Alpine-Tethys anomaly (anomaly A) is well detectable 



Appendix 2 (CD-ROM) 

Three sets of upper-mantle cross sections (Figs. 2.A2.2 
to 2.A2.4) are presented, each sweeping in detail across 
the BS2000 model (see Fig. 2.A2.1 for general locations). 
For description of the layout of cross sections see the 
caption of Fig. 2.6. All cross section are plotted to scale. 
Small ticks along the vertical axis are plotted at every 
100 km of depth increase; large ticks at 500 km. Along 
the horizontal axis small ticks are placed at every 1 de- 
gree (110 km) and large ticks at every 5 degrees. Above 
each of the cross sections a small map is plotted for geo- 
graphical reference with Fig. 2.A2.1. Anomalies are la- 
belled with the following letters: B = Betic-Alboran slab; 
Al = East Algeria slab; C = Calabria slab; A = West Al- 
pine-Tethys remnant; Ad = northern Apennines subduc- 
tion of oceanic-to-continental lithosphere; D = positive 
anomaly related to the Eastern-Alps-Dinarides-Panno- 
nian system, interpreted as a remnant of the East Al- 
pine-Tethys (not discussed in detail in this paper); 
Eu = European continental lithosphere 

Fig. 2.A2.1 . Map indicating the location of the three cross section 
sweeps displayed in Figs. 2.A2.2-2.A2.4 

Fig. 2.A2.2. A sweep of 20 west-east parallel sections across the 
Western Mediterranean from the African margin (a) to southern 
France- Alps ( t ). See for reference the labeling in Fig. 2.A2.1 
Fig. 2.A2.3. A sweep of 10 NW-SE parallel sections across the Alps- 
Apennines-Tyrrhenean region. See for reference the labeling in 
Fig. 2.A2.1 

Fig. 2.A2.4. Ten sections across the Alps, Po plain and northern- 
most Apennines. See Fig. 2.A2.1 for labeling 




Chapter 3 

The TRANSMED Transects in Space and Time: 

Constraints on the Paleotectonic Evolution of the Mediterranean Domain 

Gerard M. Stampfli • Gilles D. Borel 



Abstract 

The Phanerozoic evolution of the western Tethyan re- 
gion was dominated by terrane collisions and accretions, 
during the Variscan, Cimmerian and Alpine cycles. Most 
terranes were derived from Gondwana and present a 
similar early Palaeozoic evolution. Subsequently, they 
were detached from Gondwana and affected by differ- 
ent deformation and metamorphic events, which per- 
mit to decipher their geodynamic history. Lithospheric 
scale peri-Mediterranean transects show the present-day 
juxtaposition of these terranes, but do not allow to un- 
ravel their exotic nature or their duplication. To create a 
reliable palinspastic model around these transects, plate 
tectonics constraints must be taken into consideration 
in order to assess the magnitude of lateral displacements. 
For most of the transects and their different segments, 
thousand km scale differential transport can be dem- 
onstrated. 



3.1 Introduction 

The geodynamic evolution of the Tethyan domain as pre- 
sented in this paper is based on the studies of our re- 
search team during the last fifteen years, integrating nu- 
merous recent and older publications as well as the re- 
sults obtained by IGCP Project 369 “Comparative Evo- 
lution of PeriTethyan Rift/Wrench Basins” (Stampfli 
et al. 2001a, 2001b; Ziegler et al. 2001a). In papers to be 
published in conjunction with the 32 nd International 
Geological Congress we defined the main elements 
of the Cimmerian cycle in the western Tethyan domain 
(Stampfli et al., in press) and presented a revised plate 
tectonic model for Adria- Apulia (Stampfli, in press). The 
conclusions of these studies are incorporated in the first 
part of this paper together with revised plate tectonic 
reconstructions. 

In Stampfli and Borel (2002) we developed a new plate 
reconstruction method which represents a distinct de- 
parture from classical continental drift models. These 
new plate models for Palaeozoic and Mesozoic times 
(Ordovician to Cretaceous) integrate dynamic plate 



boundaries, plate buoyancy factors, ocean spreading 
rates, subsidence patterns, and new stratigraphic and 
palaeobiogeographic data, as well as major tectonic and 
magmatic events. Lithospheric plates were constructed 
through time by adding/removing oceanic material (sym- 
bolized by synthetic isochrones) to major continents and 
terranes. This approach offers a good control on plate 
kinematics and provides new constraints for plate tec- 
tonic scenarios in the Tethyan realm. A revised set of re- 
constructions is partly presented in Figs. 3.2-3.14, accom- 
panied by extended captions providing an overview of 
the Tethyan region evolution in space and time. The com- 
plete set is found in the accompanying CD-ROM. The 
major changes in respect with the previous publications 
(Stampfli et al. 2001a; Stampfli and Borel 2002) concern 
mainly the West Tethys domain, such as a revised Permian 
Pangea fit allowing a better placing of Iberia and Apulia. 
From our plate reconstructions we could develop a co- 
herent scheme of birth and death and genealogy of the 
many oceans whose history contributed to the make-up 
of the Tethyan realm. This scheme, modified from Ziegler 
et al. (2001b), is presented in Fig. 3.1. 

For a long time, the Tethys was considered as a large 
and single oceanic space, mostly of Mesozoic age, lo- 
cated between Gondwana and Eurasia. Already in the 
1940s and 1950s, a distinction between a Palaeo- and a 
Neo-Tethys appeared, and it was recognized that the lat- 
ter comprised marine Permian and younger strata, 
whereas the former opened during the Early Paleozoic. 
Stocklin (1968, 1974), following extensive field work in 
Iran, gave a formal definition of these two large oceanic 
entities, the Neotethys becoming a Permian to Creta- 
ceous peri-Gondwanan ocean (whose suture was be- 
tween Iran and Arabia), whereas the Paleotethys suture 
was located just north of Iran, thus, between the Cimme- 
rian terranes (Sengor 1979) and Eurasia. In that sense, 
Paleotethys separates the Variscan domain from Gond- 
wana-derived terranes. We follow here Stocklin’s defi- 
nition, adding to it that most Variscan terranes were also 
derived from Gondwana, but, they drifted away from 
Gondwana during the opening of Paleotethys, and, in 
contrast with the Cimmerian terranes, they have been 
strongly affected by Variscan metamorphism and mag- 
matism. 
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54ft 530 510 51ft 50ft 490 4»ft 470 460 450 44ft 430 420 410 400 390 3S0 37ft 360 350 340 330 320 31 ft 300 290 2S0 

Fig. 3.1 . Time table of opening and closure of Tethyan and related oceanic basins, modified from Ziegler et al. ( 2001 ). Time scale Unesco 
( 2000 ), modified for the Permian stages 
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Besides the two large Paleotethyan and Neotethyan 
oceanic domains (one replacing the other during the 
Triassic) many oceanic back-arc type oceans opened just 
north of the Paleotethys suture zone. They are some- 
times erroneously considered as Neotethyan because of 
their Triassic to Jurassic age, but most of these had no 
direct connection (neither geographic nor geological) 
with the peri-Gondwanan Neotethys ocean, and should 
therefore be called with their local names (e.g. Meliata, 
Maliac, Pindos, Vardar). During the break-up of Pangea, 
another relatively long, if not large, oceanic domain ap- 
peared, consisting of the Central Atlantic and its west- 
ern extension in the Alpine Carpathian domain. This 
Jurassic ocean was named “Alpine Tethys” (Favre and 
Stampfli 1992) in order to mark the difference between 
this relatively northerly ocean and the peri-Gondwanan 
Neotethys. The resulting picture of the Tethys realm in 
Jurassic time is, therefore, quite complex, and made of 
numerous small oceans and a large peri-Gondwana Ne- 
otethys. Further complexity arose during the conver- 
gence stages, as many of these oceanic realms gave birth 
to new back-arc basins. These are, in most cases, at the 
origin of the many ophiolitic belts found in the Tethyan 
realm, whereas older oceanic domains totally disap- 
peared without leaving large remnants of their sea floors. 

The following section of this paper deals with some 
of the main constraints on which the plate models were 
built. Section 3.3 presents an account of the dynamic evo- 
lution of the Tethyan realm. In Sect. 3.4, and in the light 
of the proposed reconstructions, we discuss the transects 
of the TRANSMED Project mainly regarding the distri- 
bution of the different terranes in space and time, from 
the Paleozoic until the Late Cretaceous. The Cenozoic 
evolution of the transects is developed by the authors of 
the respective transects and the readers should refer to 
their contributions for specific descriptions and refer- 
ences (see CD-ROM). This paper can be read at two dif- 
ferent levels: (i) Figs. 3.2-3.14 and 3.19 and the accom- 
panying extended captions provide the reader unfamil- 
iar with Mediterranean paleogeography and paleotec- 
tonics with an updated review, whereas ( ii ) the follow- 
ing text deals with some of the most interesting issues 
for the development of plate tectonic reconstructions 
of such area. 



3.2 The Western Tethys Main Plate Tectonic 
Constraints 

One of the main issues of Tethyan geology in the Medi- 
terranean area is the age of the East Mediterranean-Io- 
nian Sea basin, and the nature of its floor. This, in turn, 
influences the way that continental re-assembly for the 
Mesozoic is done. A new continental fit was built up re- 
cently (Stampfli, in press) in an attempt at reconciling 
plate tectonics with peri-Italian geophysical data (e.g. 



Finetti et al. 2001). This new fit differs significantly from 
previous models proposed by ourselves (e.g. Stampfli 
et al. 2001c; Stampfli and Borel 2002) and others (e.g. 
Dercourt et al. 1993; Yilmaz et al. 1996; Russian-I.T.L.P. 
1997; Golonka 2000; Wortmann et al. 2001), mainly re- 
garding the position of Adria and Iberia and the open- 
ing of the Neotethys. 

Before presenting our revised plate reconstructions 
and the corresponding geodynamic scheme, we first re- 
view the problem of the timing of the opening of the 
East Mediterranean basin and its relation to the Ne- 
otethys oceanic realm. Subsequently, we discuss the ne- 
cessity to adopt a close to the present position of Adria 
and Apulia already since Late Triassic times. Both these 
problems play an important role in the plate tectonic 
scenario presented in this paper. 



3.2.1 The East Mediterranean-Neotethys Connection 

This problem was reviewed in some details by Stampfli 
(2000) and Stampfli et al. (2001c). Opening of the East 
Mediterranean-Ionian Sea basin has been variably re- 
garded as Late Palaeozoic (Vai 1994) or Cretaceous (e.g. 
Dercourt et al. 1985; Dercourt et al. 1993) or anything in 
between. Most authors regard this ocean as having 
opened during the Late Triassic or Early Jurassic (e.g. 
Garfunkel and Derin 1984; Sengor et al. 1984; Robertson 
et al. 1996) possibly in conjunction with opening of the 
Alpine Tethys-Central Atlantic. However, Stampfli pro- 
posed in 1989 (IGCP 276 conference) that the East Medi- 
terranean domain corresponded, since the Late Palaeo- 
zoic, to an oceanic basin. Subsequently, new plate re- 
constructions considering this basin as part of the Neo- 
tethyan oceanic system were developed (Stampfli et al. 
1991; Stampfli and Pillevuit 1993; Stampfli et al. 2001c), 
based on a large array of geological and geophysical evi- 
dence: 

■ The geophysical characteristics of the Ionian Sea and 
East Mediterranean basin (isostatic equilibrium, seis- 
mic velocities, elastic thickness), which exclude a sea- 
floor age younger than Early Jurassic. 

■ Synrift sequences of the northern Neotethys margin 
exposed in the Talea Ori (Crete), where it consists of 
an Early Permian sequence (Konig and Kuss 1980) 
presenting a typical syn-rift evolution: rapid subsid- 
ence, important clastic input, rapid flooding with pe- 
lagic facies, followed by carbonate platform progra- 
dation of Middle to Late Permian age (Kock 2003). 

■ Subsidence patterns of areas such as the Sinai mar- 
gin, the Tunisian Jeffara rift, Sicily and Apulia s.s. 
(Stampfli 2000; Stampfli et al. 2001c) confirming the 
Late Permian onset of thermal subsidence along the 
margins of the East Mediterranean and Ionian Sea 
basins and the absence of younger thermal events. 
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■ Late Permian Hallstatt-type pelagic limestones, simi- 
lar to those found in Oman - where they sometimes 
rest directly on MORB (Pillevuit 1993; Niko et al. 
1996) - have been reported from the Sosio complex 
in Sicily (Kozur 1995). These yielded a pelagic macro- 
and microfauna (Kozur 1990; Kozur 1991c; Kozur 
i99id) that show affinities with both Oman and Timor. 
This implies a Middle Permian deep water connec- 
tion of the westernmost East Mediterranean basin 
with the Neotethys (Stampfli et al. in press). 

■ Triassic MORB found in Cyprus in the Mamonia com- 
plex (Malpas et al. 1993) is derived from the East 
Mediterranean sea floor. 

■ Recent seismostratigraphy of the Ionian Sea (Stampfli 
et al. 2001; Finetti, in prep.) support the oceanic na- 
ture of the Ionian sea floor, as well as its Permo-Triassic 
age. 

In conclusion, we propose a Middle to Late Permian 
onset of sea-floor spreading in the eastern Mediterra- 
nean basin, concomitant with the opening of the Ne- 
otethys (Stampfli et al. 2001c) and the northward drift of 
the Gondwana-derived Cimmerian continents (Sengor 
1984) since the late Early Permian. This model implies 
also a Middle to Late Triassic closure of the Paleotethys 
in the Mediterranean domain of the Tethyan realm that 
was accompanied by the opening of back-arc basins in 
the active Eurasian margin (Meliata, Maliac and Pindos 
back-arc basins) (Stampfli 1996; Ziegler and Stampfli 
2001; Stampfli et al. 2003). 



3.2.2 The Apulia-Adria Problem 

Paleomagnetic data show that the Apulian plate s.l. (Italy 
and the Adriatic Sea) underwent relatively little rotation 
with respect to Africa since the Triassic (e.g. Channell 
1992, 1996). Yet, the continuity of convergence between 
the active subduction zone under Greece and the outer 
Dinarides (de Jonge et al. 1994; Wortel and Spakman 1992) 
shows that there is a possible plate boundary between 
Apulia s.l. and the autochthonous of Greece. We regard 
this as a recent feature that has no bearing on the fact 
that, in Mesozoic times, a Greater Apulia plate existed, 
which included all the autochthonous units of Greece, as 
well as the Bey-Daglari massif of SW Turkey (Poisson 
1984). The apparent present intra- Apulian plate bound- 
ary accounts for the fact that the Hellenic orogenic/ac- 
cretionary wedge is oblique with respect to former paleo- 
geographic domains, still colliding with Apulia on an 
Albanides transect (Transect III, CD-ROM) and already 
subducting the East Mediterranean sea floor on a Greek 
transect (Transect VII, CD-ROM). 

A first reassemblage of the western Tethyan micro- 
plates in a pre-break-up position led us to consider that 
the Apulian plate s.l. was most likely cut into two pieces, 



an Apulian plate s.s. to the south and an Adriatic plate 
s.s. to the north (Stampfli et al. 2001a). This was based 
on the concept that the location of the Paleotethys su- 
ture marks the boundary between these two plates 
(Stampfli and Mosar 1999). The CROP seismic lines 
through the Adriatic domain (Finetti, in prep.) clearly 
show that there is no major tectonic discontinuity cut- 
ting Italy into two units, at least since the Jurassic, and 
that our model had to be reassessed. 

Our basic hypothesis is still that the Apulian s.s. part 
of Italy represents an African promontory that, from 
Middle Triassic to Recent times, underwent little dis- 
placement with respect to Africa. Such domain repre- 
sents the easternmost Cimmerian element, detached 
from Gondwana in Middle Permian times during the 
opening of the East Mediterranean-Neotethys basin. 
We also assume that the Adriatic and Apulian micro - 
plates were welded together in a Late Variscan-Eo- 
cimmerian collision phase starting in the Middle Per- 
mian and ending in Carnian times (Stampfli et al. in 
press). With this the two amalgamated units formed what 
is referred to indifferently as Apulia s.l. or Adria s.l. and 
became part of the African plate. The need of cutting 
Apulia s.l. into two micro-plates stems from the fact that 
in a Triassic Pangean fit, as used in our former model 
(Stampfli and Mosar 1999; Stampfli and Borel 2002), 
which corresponds to the classic Pangea A fit revisited, 
there was very little room to insert this present form of 
the Apulian promontory in its proper place, knowing 
that it had reached its present location already in the 
Middle Triassic. Thus, we had to reconsider the fit of 
Iberia with Europe, as well as the dimension and posi- 
tion of the Alboran microplates. We constructed a much 
tighter fit of these elements with Europe, following simi- 
lar proposals by Srivastava and Tapscott (1986) and 
Srivastava et al. (1990) and considering that the Varis- 
can crust was systematically overthickened west of the 
Apulian promontory. Still, there was not enough room 
to accommodate the entire present length of Adria s.l. 
in its proper position (Figs. 3.8 and 3.9). This led to the 
conclusion that Adria s.l. was shorter in Triassic time 
that it is now (or already in the Late Jurassic) and that it 
was stretched by a few hundred kilometres during ma- 
jor rifting phases related to the Late Triassic to Middle 
Jurassic break-up of Pangea and the opening of the Al- 
pine Tethys. 

Based on subsidence analysis, we had already shown 
that the large Lombardian rift formed an aborted branch 
of the Central Atlantic rift and its extension into the Al- 
pine region (Stampfli 2000). This rift certainly contrib- 
uted to changing the geometry of the Adriatic plate in 
Late Triassic-Early Jurassic times. For Italy, the CROP 
seismic data provide evidence for pervasive Early to 
Middle Jurassic rifting, extending eastward up to Greece 
(Ionian rift system) and southward to the Pelagian do- 
main, where it is accompanied by important volcanism 
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Table 3 . 1 . Abbreviations of key localities for Figs. 3.2-3.14 and 3.20 



Abbrev. 


Locality 


AA 


Austroalpine 


Ab 


Alboran 


Ad 


Adria s.str. 


Ae 


Abadeh 


Af 


N-Afghanistan, Band -e-Turkestan 


Ag 


Aladag-Bolkardag 


Ah 


Agh-Darband 


Aj 


Ajat 


ai 


Albcrz 


Am 


Armorica 


Art 


Antalya, lower nappe 


Ao 


Argoland 


Ap 


Apulia s.str. 


Aq 


Aquitaine 


AP 


Aspromonte f Feloritani 


Ar 


Ama accretionary complex 


As 


Apuseni-south, ophiolites 


At 


Attika 


Au 


Asterousia 


AT 


Alpine Tethys 


Av 


Arvi 


Ay 


Antalya, upper nappe 


Ba 


Balkanides, external 


Bb 


BandeBayan 


Be 


Biscay Gascogne 


Bd 


Gey Daglari 


Be 


Betic 


Bf 


Baft ophiolite 


BH 


Baer Basit-Hatay ophiolites 


&h 


Bihar 


e 


Ba'id margin 


Bj 


Birjan ophiolite 


&k 


Bozdag-Konya forearc 


&m 


Burma 


BM 


Bela, Musi invbagh ophiolites 


Bn 


Bernina 


BN 


Bangong-Nuijang ophiolites 


Bq 


Beohar basin 


&r 


Shannon nais 


&s 


Bisitoun seamount 


BS 


Bator-Szarvasko ophiolites 


Bt 


Bata in 


Bu 


Bucovinian 


Bii 


Elikk 


Bv 


Budva 


BV 


Bruno-Vistulian 


By 


Beyshehir 


Bz 


Beykoz basin 


Ca 


Calabria autochton 


cA 


central Afghanistan, Hazarajat 


e& 


central Bosnia 


cD 


central Dinarides ophiolites 



Abbrev, 


Locality 


Ce 


Cetic 


eg 


Chagai arc 


Ch 


Channel 


d 


central Iberia 


Q 


Ciotat flysch 


tk 


ChehelKureh ophiolite 


CL 


Campania-Lucania 


Cm 


Cadomia 


cM 


central Mongolia 


Co 


Codrn 


Cn 


Camic-Julian 


CP 


Calabria -Pelorrtani 


cR 


drcurrvfthodope 


Cr 


Carolina 


Cs 


Chortis 


Ct 


Cantabria-Astuna 


Cu 


Chuchi 


Cv 


Canavese 


Da 


Datides 


Db 


Dent Blanche 


DD 


Dniepr-Donetz rift 


Dg 


Denizgoren ophiolite 


DH 


Dina rides- Helienides 


01 


Dizi accretionary complex 


Dm 


Domar 


DN 


Dras-Naktol arc 


Do 


Dobrogea 


Dr 


Drina-lvanjica 


Ds 


Drimos.Samothace ophiolites 


Du 


Durmitor 


Dz 


Dzirula 


eA 


east Albanian ophiolites 


Ef 


Elazig,Guleman ophiolites+arc 


eP 


east Pontides 


Er 


Eratosthen 


Es 


Esfandareh ophiolites 


Fa 


Fatric 


Fc 


Flamish cap 


FM 


Fanuj,Maskutan ophiolite 


Fr 


Farah basin 


Ga 


Gandesearc 


GB 


Grand Banks 


g£ 


great Caucasus 


GC 


Gascoyne-Cuviertand 


Gd 


Geydag-Anamas-Akseki 


Gi 


Giessen 


Ge 


Gemeric 


GS 


Gory-Sovie 


GT 


Gavrovo-Tripolitza 


Gt 


Getic 


GO 


GQmGshane-Kelkit 


hA 


high-Atlas 



Abbrev. 


Locality 


Ha 


Hadim 


He 


Helvetic rim basin 


Hg 


Huglu-Boyalitepe 


HK 


Hindu-Kush 


hK 


high karst 


Hr 


Hronicum 


Hy 


Hydra 


Hz 


Harz 


IA 


Izmir-Ankara ocean 


(A 


imra -alpine terra ne 


lb 


Iberia, NWallochthon 


1 C 


Indochina 


ig 


Igal trough 


II 


Ishim-lshkeolmes (N Kazakhstan) 


lo 


Ionian 


ip 


intra-Pontides 


If 


Iranshar ophiolite 


Is 


Istanbul 


Ja 


Jadar 


Jf 


Jeffara rift 


Jo 


Jolfe 


Jv 


Juvavic 


Ka 


Kalnic 


Kb 


Karaburun 


Kd 


Kopet-Dagh 


Ke 


Kotel flysch. 


Kf 


Koufra basin 


Kg 


KarabogazGol 


Kh 


Kohistan arc 


Ki 


Kirsehir 


Kk 


Karakayafdrearc 


KI 


Kabul block 


Km 


Karakoram terrane 


KM 


Kanty-Mansi 


Kn 


Kunlun north 


Ko 


Korab 


KQ 


Kunlun-Qaidam 


Kp 


Karpinski 


Kf 


Kermanshah ophiolite 


Ks 


Kunlun south 


K 5 


Kotel-Stranja rift 


KT 


Karakum-Turan 


Ku 


Kura 


Ku 


Kure ocean 


KW 


Khost,WazMstan ophiolites 


Ky 


Kabylies 


Kz 


Kazakhstan 


La 


Lagonegro 


IA 


lower Austroalpine 


Lb 


Longobucco 


Le 


Lesbos o phiolites 


Lg 


Ligerian 
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Table 3.1. Continued 



Abb rev. 


Locality 


Li 


Ligurian 


Lm 


Lamayuru seamount 


L M 


Lysogory-Malopolska 


to 


Lombardian 


Ls 


Lusitanian 


IT 


Lut-Tabas-Yazd 


Lu 


Lut 


ly 


Lydan ophiolitic complex 


ti 


Uzard ophiolitic complex 


mA 


middle Atlas 


Ma 


Mani 


Mb 


Magnitogorsk back-arc 


Me 


Maliac rift/ocean 


Md 


Mozdak 


MD 


Moldanubian 


Me 


Metiata rift/ocean 


Mf 


Misfah seamount 


Mg 


Meguma 


Mh 


Mugodzhar ocean 


Mi 


Mirdita autochton 


Mk 


Mangyshlak rift 


Ml 


Meglenitsa ophioilte 


Mm 


Mamonia actretionary complex 


Mn 


Menderes 


Mo 


Moesia 


MR 


MersIn,Pozanti ophiolites 


Mq 


Moursouk basin 


Mr 


Mrzlevodice forearc 


MR 


Maslrah, fta's Madrekah ophiolites 


Ms 


Moroccan Meseta 


MS 


Margna-Sella margin 


Mt 


Monte Amiata forearc 


Mu 


Maizuru arc 


m 


Munzur dag-Xeban 


NA 


Nan-Uttaradit-Ailoshan ocean 


nC 


north Caspian 


NCA 


North Calcareous Alps 


Nh 


Naga Hi il ophiolite 


Ni 


NilGfer seamount 


Nj 


Njurol massif 


Nk 


Nakhlak forearc 


Nr 


Neyriz seamount 


Nn 


Nam ophioilte 


Ns 


Niesen flysch 


nT 


north Tibet 


Nt 


Nish-Troyan trough 


Ny 


Neyriz ophiolite 


OA 


Oaxacan -A requipa 


Ok 


Okhotsk'Chukotka ocean 


OM 


Ossa-Morena 


Or 


Ordenes ophiolites 


Ot 


Othrys-Evia-Argolls ophiolites 



Abb rev. 


Locality 


Abbrev. 


Locality 


Ow 


Owen basin 


Sr 


Severin ophiolites 


Oz 


Otztal-Silvretta 


SS 


Sanandaj-Sirjan 


Pa 


Panormides 


sT 


south Tibet 


Pb 


Porcupine bank 


St 


Sitia 


Pc 


Pamir central 


Su 


Sumeini margin 


Pd 


Pindos rift/ocean 


Sv 


Svanetia rift 


Pe 


Penninic ocean 


Sw 


Seward 


Pi 


Piemontais ocean 


Sx 


Saxo-Thuringian 


P] 


Panjao,Wa$er ocean 


Sy 


Seychelles 
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(Finetti 1985; Argnani and Torelli 2001). Paleofaults have 
been observed in many parts of the Ionian zone of 
Greece and Albania (Baudin and Lachkar 1990; Kara- 
kitsios 1991; Dodona et al. 1994; Karakitsios and Dermi- 
tzakis 1997) and also in the more autochthonous se- 
quences found along the Adriatic coast and in the Adri- 
atic Sea, as seen on the seismic data (Finetti, in prep.) 
and onshore. The reason for this widespread Jurassic 
rifting is that for a successful Pangean break-up, the 
Atlantic rift system had to join another plate limit 
located in the Neotethyan domain, either its mid-ocean 
ridge or its northern active margin. Other possible 
avenues to break through the Alpine-Mediterranean 
lithosphere had been tried and many resulted in aborted 
rifts. This pervasive Jurassic rifting finally gave birth to 
the opening of the Alpine Tethys which is flanked by 
large passive margins and rim basins (e.g. Subbrian- 
<;onnais, Helvetic-Dauphinois, Lombardian and Sub- 
betic basins), and a narrow oceanic strip dominated by 
mantle denudation (Stampfli and Marchant 1997). Open- 
ing of the Alpine Tethys involved rift propagation 
through an already thinned and thermally not yet sta- 
bilized lithosphere, and the evolving rift remained be- 
low sea level, with little isostatic rebound of its shoul- 
ders. 

The fact that the Alpine Tethys ocean floor is domi- 
nated by denuded continental mantle of mainly Permian 
age (Rampone and Piccardo 2000) suggests that this 
basin opened very slowly and that large amount of ex- 
tension was distributed elsewhere in Greater Apulia. The 
Adriatic plate presumably attained its present length and 
geometry by Middle to Late Jurassic times (Fig. 3.10). 



3.3 The Geodynamic Evolution of Greater Apulia 
and Surrounding Regions 

The reconstructions shown on Figs. 3.2-3.14 are based 
on a tight Permian pre Pangea break-up fit and on the 
magnetic anomalies from the world oceans. Europe is 
fixed and paleolatitudes were derived from Baltica paleo- 
magnetic data (Torsvik et al. 2001). Plate tectonic con- 
cepts were systematically applied to our palinspatic mod- 
els of the western Tethys, moving away from pure conti- 
nental drift models that are not constrained by plate 
boundary dynamics, in an effort to arrive at a model that 
is self-constrained. Most other constraints and databases 
used in our reconstructions can be found in Stampfli et al. 
(2001a, 2001c), and Stampfli and Borel (2002). 

In this section we review the major steps in the geo- 
dynamic evolution of the periApulian domain, starting 
with the Paleotethys ocean, then moving to the Cimme- 
rian event, and finally the Alpine cycle proper. The ab- 
breviations of key localities used in Figs. 3.2-3.14 and 
3.20 are given in Table 3.1. 



3.3.1 Paleotethys Evolution (Figs. 3.2-3.6) 

The opening of Paleotethys is related to the Early Paleo- 
zoic drifting away from Gondwana of a ribbon-shaped 
array of microcontinents, grouped under the label of 
Hun superterrane (von Raumer et al. 2002). Among these 
terranes we find the Adria s.s. part of Italy, which to- 
gether with other European Hunic terranes was accreted 
to Laurussia in Devonian times (Stampfli et al. 2002b). 
Following this accretion, Paleotethys started subducting 
northward, creating the Variscan cordillera system. Pale- 
otethys was a circumGondwana ocean whose history is 
well constrained on an Iranian transect (Alborz range, 
North Iran; Stampfli 1978; Stampfli et al. 1991; Stampfli 
et al. 2001c) representing the southern Gondwanan mar- 
gin of the eastern part of such ocean. 

Westward, along the northern African margin, opening 
of the western part of Paleotethys and the detachment of 
the European Hunic terranes from Gondwana is less well 
constrained. In the High Atlas of Morocco (Destombes 
1971), the Ordovician is unconformably covered by Silu- 
rian strata, the top of which is locally conglomeratic. The 
overlying Emsian-Eifelian sequence is locally very con- 
densed and represented by open marine carbonates. This 
starvation event reflects the onset of important thermal 
subsidence, which can be related to the detachment of 
the Meseta and neighbouring terranes from Africa. 

The northern margin of Paleotethys is preserved in 
the middle part of the European Hunic terranes in the 
Carnic Alps (Schonlaub and Histon 1999), in Tuscany 
and Sardinia, and in the Alb or an fragments (cf. Stampfli 
1996) where it is also characterized by a Late Ordovician- 
Early Silurian clastic - and often volcanic - syn-rift se- 
quence (Silurian flood basalts are known in Sardinia and 
the Rif; Pique 1989). Rift-related thermal uplift, erosion 
and block tilting occurred in Silurian time and is often 
wrongly related to a compressive rather than an exten- 
sional Taconic event. Open-marine conditions, repre- 
sented by graptolites facies, were established during the 
Silurian. During the Early Devonian a general flooding 
marked the onset of widespread thermal subsidence that 
can be related to the progressive opening of Paleotethys. 
Along its northern margin, the Visean usually marks the 
onset of widespread flysch deposition (Culm), often ac- 
companied by volcanic activity that reflects a change 
from a passive to an active margin setting. 

Potential Paleotethyan accretionary sequences are lo- 
cated along the southern part of the Variscan orogen, 
Such sequences are everywhere metamorphosed and in- 
truded by Late Carboniferous granites (Vavassis et al. 
2000). These sequences, which were generally over- 
printed by Eocimmerian and Alpine deformation, are 
mainly found in the Chios-Karaburun region and in 
Crete (Stampfli et al. 2003), but certainly extend in most 
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Fig. 3.2. 420 Ma (Late Silurian) paleotectonic-paleogeographic reconstruction. Legend for Figs. 3.2-3.13 (modified after Stampfli and Borel 
2002): 1 passive margin; 2 magnetic anomalies or synthetic anomalies; 3 seamount ( a active, b inactive); 4 intraoceanic subduction/arc 
complex; 5 spreading ridges; 6 subduction zone; 7 rifts; 8 sutures; 9 active thrusts; 10 foreland basins; 11 flexural bulge; 12 strike-slip faults. 
By this time the peri-Gondwanan Prototethys ocean was replaced by the Rheic ocean in the west and by the Asiatic ocean in the east. The 
opening of the Rheic detached the Avalonia terrane from Gondwana. Baltica underwent major rotation during early Paleozoic times, to 
finally collide with Laurentia through the closure of the Iapetus ocean and the resulting Caledonian orogeny. Avalonia just collided with 
Laurentia. The eastern tail of Avalonia left some Gondwana-derived terranes stranded on the SW side of Baltica, from Turkey to Poland, 
following the closure of the Tornquist oceanic domain. The subduction of young oceanic lithosphere under northern Gondwana gener- 
ated a mid-Ordovician orogenic phase, followed soon by the creation of a new peri-Gondwana cordillera due to southward subduction of 
the Rheic ocean. This, in turn, generated the opening of the Paleotethys and drifting of the Hun superterrane away from Gondwana 



areas of Turkey comprised between the Pontides and 
Taurides domains (e.g. in the Konya region; Kozur et al. 
1998; Stampfli et al., in press), and should also be present 
beneath Apulia (e.g. volcaniclastic Permian of the well 
Gargano), to reappear westward in southern Spain 
(Stampfli et al. 2002b). The youngest fore-arc-type se- 



quences related to the northward subduction of Pale- 
otethys are found in Crete, Turkey, Iran and Afghani- 
stan, where they extend into the Carnian (Stampfli et al., 
in press) and were affected by the Eocimmerian tectonic 
event that marked the final closure of Paleotethys in the 
western Tethyan region. 
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Fig. 3 . 3 . 380 Ma (Eifelian-Givetian). The Hun superterrane split into two major terranes; the European and the Asiatic Hunic terranes. The 
former collided with terranes derived from Laurussia (Hanseatic terrane), as shown by a widespread HP-LT metamorphic phase along the 
leading edge of the terrane, and also by exchange of Gondwana and Laurussian fauna at that time. The Hanseatic terrane detached from 
Laurussia through the opening of the Rheno-Hercynian ocean, which is not a back-arc, but opened through strong slab-pull forces gen- 
erated by the southward subduction of the Rheic ocean. On its eastern side, Baltica developed another passive margin through the open- 
ing of the Mughodzar ocean. A link between the Rheno-Hercynian and Mughodzar oceans is found in Turkey, the Paphlagonian ocean. In 
the Asiatic ocean, amalgamation of intra-oceanic arcs created an embryonic Khazakstan plate. Such arcs locally collided with the east side 
of the European Hunic terranes, whereas the west side of these (e.g. Yucatan, Chortis) collided with southern Laurentia 



3.3.2 Cimmerian Events and Triassic Marginal 
Oceans (Figs. 3.6-3.9J 

The apparent lack of major tectonic events during the 
Late Permian and Triassic in SW Europe, or in the Appa- 
lachian domain, follows the final welding of Gondwana 
and Laurasia, which together formed the Permo-Triassic 
Pangea. In earlier papers we discussed the diachronous 



closure of the large Paleotethyan ocean and focused on 
the likely Permo-Triassic development of a system of 
back-arc oceans or basins along the southern Eurasian 
margin (Stampfli 1996; Ziegler and Stampfli 2001). East 
of the paleo-Apulian promontory, a domain of Eocim- 
merian (Middle to Late Triassic) deformation occurs just 
south of a relatively “undeformed” Variscan domain 
which is represented by Late Carboniferous-Early Per- 
mian arc and clastic sedimentation of Verrucano type, 
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Fig. 3 . 4 . 340 Ma ( Visean). At this time, the amalgamated European Hunk and Hanseatic terranes were colliding with Laurussia. Subse- 
quently, subduction prograded to the southern margin of the Hunic terranes and northward subduction of Paleotethys created the Varis- 
can cordillera. Westward collapse of the latter was induced by the oblique subduction of the Paleotethys mid-oceanic ridge which, in turn, 
generated imbrication and lateral displacement of the European Hunic terranes as well as major plutonism in the Variscan domain. 
Northward subduction of Paleotethys was also active under the Asiatic Hunic terranes. The closure of peri-Khazakstan back-arc basins 
contributed to the enlargement of this continental block; closure of the Khanti-Mansi and Uralian oceans will eventually lead to the 
formation of Laurasia. The Visean Sea ( dashed blue line) is now reaching far inside the northern margin of Gondwana, still affected by 
episodic glaciations 



mainly affected by extension (Cassinis et al. 1995). In con- 
trast, Cimmerian deformation was accompanied by the 
deposition of Triassic flysch, the development of me- 
langes, and by the emplacement of collisional type 
volcanics (Castellarin et al. 1988; Pe-Piper 1998; Stampfli 
et al. 2003) and intrusives (Reischmann 1998) marking 
the closing of Paleotethys. The final closure of some of 
the European marginal oceans (e.g. Kiire, Svanetia) only 
happened during the Jurassic and represents the Cim- 



merian deformation cycle, which characterizes the Bal- 
kan, Black Sea, and Caucasus regions. 

As shown in the plate tectonic reconstructions of 
Fig. 3.6, the Middle Permian margin of SE Europe was of 
a transform-type and little subduction occurred along it 
due to locking of the Gondwana-Laurasia suture. How- 
ever, roll-back of the Paleotethys slab induced “back-arc” 
rifting along the entire Paleotethys margin starting from 
the Late Permian. East of the paleo-Apulian promontory, 
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Fig. 3 . 5 . 300 Ma (Kazimovian). Westward collapse of the Variscan cordillera was stopped by the collision of Gondwana with Laurentia, which 
resulted in the Alleghenian orogeny and the formation of Pangea. In southern Europe, subduction of Paleotethys continued; however, the 
coupling of Gondwana and Laurussia prevented further narrowing of the oceanic space between them. This was compensated by two proc- 
esses: roll-back of the Paleotethyan slab and extension along the northern border of Gondwana, which eventually lead to the opening of 
Neotethys. The Neotethyan rift zone around India and Australia was already quite active, and its rift shoulders were covered by ice caps, which 
were invading the riff zone. The Paleotethys mid-ocean ridge was now rapidly approaching the active margin; this will result in ridge failure 
and opening of Permian intra-oceanic back-arc basins, whose remnants are found from Iran to China. The Khazakstan and Siberian blocks 
were soon to collide with Laurussia by consumption of the intervening oceanic basins, to be replaced by mountain belts such as the Urals 



this back-arc rifting progressed to sea-floor spreading 
and opening of a series of marginal oceanic basins. Due 
to accelerated roll-back of the Paleotethys, sea-floor 
spreading in the Hallstatt-Meliata basin terminated dur- 
ing the Early Ladinian at the expense of the development 
of a new spreading axis in the Maliac basin, and again in 
the Early Carnian, the spreading axis changed from the 
Maliac to the Pindos basin. Therefore, the Late Carboni- 



ferous Pelagonia arc terrane got stranded between the 
Maliac and Pindos oceans and never collided with Greater 
Apulia; the boundary between the two plates being of a 
transform type (Figs. 3.6 and 3.7). South of the Pindos, 
the small Variscan ribbon-shaped Sitia terrane and its 
Triassic fore-arc collided with Greater Apulia during the 
Late Carnian (Stampfli et al. 2003); the same applies to 
the Tavas region in SW Turkey (Kozur et al. 1998). 
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Fig. 3 . 6 . 260 Ma (Middle-Late Permian boundary). Neotethys sea-floor spreading was now active from Sicily to Timor (as shown by simi- 
lar ammonite and conodont faunas found in both places, and in Oman). Opening of the Neotethyan ocean detached the ribbon-like 
Cimmerian terranes from Gondwana, and invasion of warmer water around the latter, as well as its drifting away from the pole, brought 
an end to the Gondwanan glaciation. The Asiatic Hunic terranes started to disaggregate and to collide with Laurasia; this will lead to the 
rotation of the Chinese blocks and their collision in Triassic times. Back-arc extension was quite active along the Paleotethys northern 
margin and was characterized by a general collapse of the Variscan cordillera from Italy to Iran. The back-arc rift zones are locally 
invaded by the sea, as was the rift that developed between Greenland and Europe. Laurasia was forming a single block, enlarging consid- 
erably the Pangean supercontinent. The other hemisphere of the planet consisted entirely of the Panthalassa ocean 



Along the Cimmerian orogen, development of car- 
bonate platforms resumed in Norian to Liassic times 
(Fig. 3.8), marking the end of this orogenic cycle. This 
Middle-Late Triassic tectonic pulse is well documented 
in the Dolomites where it was also accompanied by the 
emplacement of salt diapirs (Castellarin et al. 1996) and 
preceded by important volcanism, first in the Permian, 
then in the Middle Triassic (Pietra Verde event). This 



shows that northern Italy was strongly affected by proc- 
esses related to the opening of Triassic marginal seas 
and closing of Paleotethys. 

Apart from these Hellenic Paleotethyan remnants, 
continental to marine upper Carboniferous to lower Per- 
mian sequences have been identified at the following 
locations along the arc of the Eurasian active margin 
(Figs. 3.5 and 3.6): 
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Fig. 3.7. 240 Ma (Anisian). As Paleotethys subduction came to a final stage, slab roll-back along its northern margin accelerated and was 
marked by the opening of oceanic back-arc basins such as Meliata and Kiire. There was still enough space available to open successive 
back-arc basins south of Meliata (Maliac, then Pindos) before the final closure of Paleotethys in Carnian times. To the east, back-arc rifting 
was very active also in the Caucasus (Svanetia) and north Iran (Agh-Darband), in an attempt to link with the Fariman-Songpan intra- 
oceanic back-arc system. To the west, extension was affecting Adria and Iberia, a possible link with the north Atlantic rift system existed 
through the Pyrenean rift. The Niliifer seamount was colliding with the Karakaya fore-arc basin, and both will soon collide with the 
Cimmerian terrane. The East Mediterranean part of Neotethys was still spreading; on its northern margin Greater Apulia represents at 
this time the westernmost part of the Cimmerian terranes, which were colliding (Sibumasu) with the Anamia block to the east 



■ In the Carboniferous of the Tuscan Apennines (e.g. 
Gattiglio et al. 1989, and references therein; Engel- 
brecht et al. 1989; Engelbrecht 1997) and Permian of 
Monte Amiata (Pandeli and Pasini 1990). 

■ In the deep-water Kungurian to Roadian flysch (Kozur 
and Mostler 1992; Kozur 1999) of the clastic Trogkofel 
beds (Ramovs 1968) found just south of the Periadri- 
atic line (Mrzlevodice fore-arc). 

■ In the Permo-Carboniferous deep-marine clastic se- 
quences of the Carnic and Karawanken Alps. 

■ In the deep-water Permian of Sicily (Sicanian basin) 
and its Early Permian pelagic fauna (Catalano et al. 
1988, 1995) which presents clear-cut Paleotethyan af- 
finities (Kozur 1990). 

These series are attributed to a system of late Va- 
riscan fore-arc-type basins that was located southward 
and adjacent to a cordillera characterized by Late Car- 
boniferous to Early Permian subduction-related plu- 
tonism (Stampfli 1996; Vavassis et al. 2000). These fore- 
arc basins were slightly deformed or uplifted during 
Middle Permian times and unconformably covered by 



continental Verrucano s.l. sequences, deposited in rift 
basins (Cassinis et al. 1995). In Tuscany (Aldinucci et al. 

2001) , a clear distinction can be made between rift-re- 
lated upper Permian-lower Triassic deposits, contain- 
ing marine incursions, unconformably covering the Car- 
boniferous fore-arc sequences, and younger Verrucano 
s.s. elastics of Middle to Late Triassic age (Cirilli et al. 

2002) . The older deposits correspond to the rifting phase 
responsible for the opening of the Meliata-Maliac back- 
arc system to the east; the continental Verrucano s.s. 
deposits of Late Triassic age are related instead to the 
Eocimmerian tectonic inversion events. 



3.3.3 The Jurassic Oceans: Alpine Tethys, Central 
Atlantic and Vardar (Figs. 3.8-3.11) 

The results of field work on the Canary Islands and in 
Morocco (Favre et al. 1991; Favre and Stampfli 1992; Stei- 
ner et al. 1998) indicate that the onset of sea-floor spread- 
ing in the northern part of the Central Atlantic occurred 
in the Toarcian. Similar subsidence patterns between this 
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Fig. 3.8. 200 Ma (Sinemurian). At this time Paleotethys was completely closed except for some small remnants around the north-Tibet 
promontory. In Iran, the closing of Paleotethys generated the development of a large molassic basin (Shemshak) and subduction progra- 
dation to the northern side of Neotethys, marked by the onset of subduction-related volcanism in the Sanandaj-Sirjan and Lut blocks. In 
turn, this subduction created the possibility for Gondwana to separate from Laurasia, as space was provided for Gondwana to move 
eastward, despite the fact that Neotethys was still spreading. Thus, the Central Atlantic rift widened but had difficulty finding a way to link 
with a plate limit to the east. This activated many rift zones in the Alpine-Mediterranean area, even along the Levant transform margin. 
Most of these rifts will eventually abort, only the Alpine Tethys rift will open in Bajocian times, south of Iberia, south of France, and along 
the Alpine region up to the Carpathians. The closure of Paleotethys south of the Kiire basin generated the southward subduction of the 
latter. Slab roll-back, both in Kiire and the Neotethys, allowed the opening of the Izmir- Ankara ( IA ) ocean. This opening will prograde 
eastward up to the south Caspian region in middle Jurassic times. The reason for Pangea break-up is also to be searched in the Panthalassa 
domain, because East- and West-Gondwana started also to separate in Early Jurassic times, with the development of a major rift between 
Africa and India 



region and the Lombardian basin (Stampfli 2000) led us 
to propose a direct connection between these areas 
(Fig. 3.9). The Lombardian basin aborted in Middle 
Jurassic times (Bertotti et al. 1993) as it could not link up 
with the oceanic Meliata-Maliac-Pindos domains whose 
already cold lithosphere was Theologically considerably 
stronger than the surrounding continental areas. There- 
fore, the Alpine Tethys rift opened to the north of the 
Meliata basin, separating Adria and the Austro-Car- 
pathian domain from Europe. Thermal subsidence of 
areas flanking the Alpine Tethys commenced in the Aale- 
nian in the west (Brian^onnais margin: Stampfli and 
Marchant 1997; Stampfli et al. 1998; Stampfli et al. 2002) 
and in the Bajocian further to the east (Helvetic and 
Austroalpine margin: Froitzheim and Manatschal 1996; 
Bill etal. 1997). Alpine Tethys spreading was consider- 
ably delayed with respect to the Central Atlantic, very 
slow spreading gave birth to a limited amount of oceanic 
crust, the oceanic area being dominated by continental 



mantle denudation. A larger transform Maghrebide 
ocean linked the central Atlantic and the Alpine Tethys, 
and was also characterized by delays in thermal subsid- 
ence (e.g Rif area, Favre 1995; Stampfli 2000). 

Within the Alpine domain s.s. there is a fundamental 
difference between the Austroalpine-Carpathian and 
Western Alps systems. Austroalpine-Carpathian evolu- 
tion was rooted in the dynamics of the Triassic back-arc 
basins located to the south (Meliata-Maliac domain). These 
back-arc basins were shortened in conjunction with the 
opening of the Central Atlantic and rotation of Africa 
with respect to Europe. Subsequent slab roll-back of the 
Maliac-Meliata sea floor induced the opening of the Vardar 
supra-subduction ocean, which, by Late Jurassic times, 
had completely replaced the pre-existing oceanic basins 
(Fig. 3.10). Continued rotation of Africa provoked ridge 
failure in the Vardar and large scale Late Jurassic ophi- 
olitic obduction onto the Dinaride-Hellenide passive 
margin of the Pelagonian terrane (e.g. Laubscher and 
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Fig. 3 . 9 . 180 Ma (Toarcian-Aalenian). Spreading is now active in the Central Atlantic and the segment of the Alpine Tethys located 
south of Iberia. From there, two main rift zones were spreading, one branch went southward toward Greece (Ionian rift system), the 
other went eastward to the Carpathians domain (Alpine Tethys). The latter will successfully open in Bajocian times as it was able to 
connect with a plate limit through the Dobrogean transform and from there to the active subduction zone around the Vardar ocean 
( VR). Opening of the Vardar corresponds to subduction progradation from the Kiire domain toward the Maliac domain, but can also 
be regarded, together with the Izmir- Ankara ocean, as back-arc extension of the large Neotethys. However, roll-back of the Maliac sea 
floor, was generating westward spreading of the Vardar basin in a scenario of intra-oceanic subduction. Closure of the Kiire basin was 
entering a collisional stage in the Black Sea domain and around the Rhodope promontory. The Izmir- Ankara ocean was extending 
eastward to the south Caspian domain ( IzAnCa ), following more or less the Paleotethys suture zone, which was extensionally reacti- 
vated up to central Afghanistan (Panjao ocean, Fig. 3.10). The rift between Africa and India was still active, with new branches develop- 
ing towards central Africa. Gondwana was soon to be separated in two large landmasses 



Bernoulli 1977; Dercourt et al. 1986). Roll back of the oce- 
anic Maliac-Meliata slab was a centrifugal phenomenon 
that controlled successive collision of the Vardar arc with 
all passive margins surrounding the Meliata-Maliac ba- 
sin. Following obduction on the western Dinaric margin 
in Late Jurassic times, the northeastern part of the Vardar 
arc-trench system collided with the northern passive 
Meliata margin - corresponding to the Northern Calcar- 
eous Alps (NCA), the Western Carpathian domain and 
the Rhodope - from Late Jurassic to Early Cretaceous times. 
Closure of the Balkan rift system between Moesia and 
the Rhodope (Fig. 3.11) controlled the development of the 
Balkan orogen, accompanied by large-scale Early Creta- 
ceous northward nappe emplacement and metamor- 
phism (Georgiev et al. 2001). Remnants of the Vardar arc 
are found in northern Greece and Bulgaria as tectonic 
klippen (Bonev and Stampfli 2003). This circum Vardar 
orogenic event commenced in the Late Jurassic and was 
sealed by Albian to Cenomanian molasse-type sediments. 

Along the NCA margin, elements of the Austro -Al- 
pine micro-continent were scraped off and incorporated 



into the accretionary wedge, to form the different inter- 
nal units of the Austro-Carpathian orogen (Kozur 1991b; 
Plasienka 1996; Faupl and Wagreich 1999). This event 
was accompanied by Early Cretaceous HP-LT metamor- 
phism (e.g. Thoni and Jagoutz 1992). Subsequently, the 
enlarged accretionary wedge began to incorporate the 
entire eastern segment of the Alpine Tethys (Figs. 3.11 
and 3.12) (Penninic-Vahic ocean), to finally collide with 
its northern passive margin (Helvetic domain s.l., Ma- 
gura rim basin) thus forming the present Eastern Alps 
and Carpathian orogen ( Wortel and Spakman 1993). This 
process involved continuous slab roll-back that had com- 
menced during the Carnian in the Kiire domain and con- 
tinued into the Neogene period in the Eastern Carpathi- 
ans. 

A relatively large remnant of the Vardar ocean sub- 
ducted northward under Moesia during the Late Creta- 
ceous, as evidenced by the large Srednogorie volcanic 
arc of the Balkans and the Late Cretaceous opening of 
the Black Sea (Nikishin et al. 2003), representing the 
third generation of back- arc opening in that region. 
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Fig. 3.10. 155 Ma (Oxfordian; magnetic anomaly M25). Spreading in the Alpine Tethyan ocean now reached the Carpathian domain. 
In the process, Moesia was detached from Europe by only of a few hundreds of km, the point of rotation of Gondwana being located 
in Moesia. Northward extension of the Central Atlantic was very active between Iberia and Newfoundland, and the northern limit 
of the Iberian plate was affected by pull-apart rifting extending eastward into the Brian^onnais domain, through the Pyrenees 
and Provence. The Kiire ocean was nearly closed, collision of its arc-trench system with the Rhodope was causing the first phases of 
the Balkan orogeny, accompanied by inversion of former rift zones. Roll-back of the Maliac slab allowed rapid westward expansion 
of the Vardar back-arc basin, its arc trench system was soon to collide with the Pelagonian and Dinaric landmass. This east-west 
shortening in the Maliac- Vardar domain was due also to the anti-clockwise rotation of Gondwana with respect to Europe. We regard 
this event as creating a change of spreading direction in the western Neotethyan domain, at the origin of a mid-ocean ridge failure. 
Differential movement between Africa and India was reactivating a Neotethys former transform, separating the future Indian plate 
from Africa 



3.3.4 The Cretaceous Oceans: North Atlantic and 
the Pyrenean Domain (Figs. 3.10-3.14) 

Starting in Early Cretaceous time (Figs. 3.10 and 3.11) 
the Pangean break-up had more and more difficulty to 
link up eastward with another plate limit due to intra- 
oceanic subduction in the Neotethys and shortening af- 
fecting the Vardar region. As a result, the Pyrenean and 
Biscay oceans opened, with a rifting phase starting in 
the Oxfordian, and the onset of spreading in the Aptian 
for the Portuguese-Galician ocean and Pyrenean area, 
and in the Albian for the Gulf of Biscay (Stampfli et al. 
2002). Then, by the end of the Santonian the break-up 
between North America and Greenland took place, and 
in Campanian time the Biscay ocean aborted. Closing 
of the Pyrenean domain already took place during the 
opening of the Gulf of Biscay due to the accelerated ro- 
tation of the Iberian plate together with Africa. It is un- 
certain how wide the Pyrenean ocean was, and whether 
it was limited to mantle denudation as indicated by the 



lherzolites at Lherz (Fabries et al. 1998); a minimum ex- 
tension of 60 to 80 km can be calculated from restored 
cross-sections (Verges and Garcia-Senz 2001). Sea-floor 
spreading was recently dated as late Early Cretaceous 
sea in the eastern Alps, thus confirming that the Ibe- 
rian-Brian<;onnais northern plate boundary reached that 
region (Froitzheim, pers. comm.). The rotation of Ibe- 
ria also placed the Brian^onnais peninsula in front of 
the Helvetic margin, creating a repetition of the Euro- 
pean margin in the western Alps domain. The space 
between these two margin segments is generally referred 
to as the Valais ocean, a domain that actually formed 
part of the Piemont (Alpine Tethys) ocean, which was 
trapped by the eastward displacement of the Iberian- 
Brian<;onnais block during the opening of the North 
Atlantic. The Middle Jurassic age of the Valais sea floor 
was recently confirmed by Liati et al. (2003). 

At least from the Aptian (Mo magnetic anomaly) to 
the Maastrichtian (Stampfli and Borel 2002) and most 
likely up to the Thanetian (anomaly C25), Iberia rotated 
with Africa and Apulia- Adria, without appreciable N-S 
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Fig. 3.11 . 131 Ma ( Valanginian-Hauterivian; magnetic anomaly M10). Accelerating anti-clockwise rotation of Gondwana was responsible 
for the obduction of part of the Vardar mid-ocean ridge system onto the Pelagonia, Dinaride and Tizia blocks. Collision of the Vardar arc- 
trench system with the northern margin of Meliata was taking place at this time, detaching the future North Calcareous Alps domain from 
its basement (internal Austroalpine). Collision of the Vardar arc- trench system continued also in the Balkan, where parts of the Rhodope 
cover and basement were transported northward and thrust onto the Nish-Troyan trough. The major changes affecting the Neotethyan 
domain brought to an end the opening of the IzAnCa (south Caspian) back-arc basin system, and closed the Panjao basin in Afghanistan. 
The Izmir- Ankara slab started retreating eastward, allowing the opening of a new supra-subduction spreading centre. In the western 
Neotethys, ridge failure generated a new intra-oceanic subduction zone along the former spreading centre; this new oceanic domain will 
eventually obduct onto Arabia (e.g. Semail ophiolites). Hot and buoyant sea-floor was subducting under the Iranian blocks generating a 
cordillera stage, and marine deposits are only found along the South-Caspian margin. Spreading was also taking place along the plate 
limit between the now separated West- and East-Gondwana blocks. The Iberian plate was nearly totally detached from Laurasia; spread- 
ing was still active in the Alpine Tethys, but soon Iberia and Africa will form a single plate 



shortening. However, the southern margin of the Piemont 
ocean (Southern Alps-Austroalpine domain of the west- 
ern Alps) was affected by tectonic movements since the 
Coniacian-Santonian, as evidenced by the onset of flysch 
deposition in the Piemont area (Gets and Dranse flysch; 
Caron et al. 1989) and in the Lombardian basin (Bernoulli 
and Winkler 1990). We relate such tectonism to large- 
scale sinistral strike-slip movements which affected the 
boundary between Adria and the Alpine domain, due to 
large scale E- W shortening taking place in the Vardar area 
during Albian to Campanian times (Figs. 3.10-3.13). These 
very large-scale lateral movements are well known also 
to the east (Triimpy 1988; Triimpy 1992) and finally placed 
Adria-Tizia behind the Austroalpine accretionary prism. 
In the process, the Piemont oceanic lithosphere was pro- 
gressively detached from the northern margin of Adria 
and subducted beneath it. In conjunction with its west- 
ward escape the Austroalpine prism probably collided 
locally with the northern Helvetic margin already in Late 
Cretaceous times (e.g. area of the Tauern window) and 



with Calabria (Austroalpine Longobucco unit) and the 
eastern Brian<;onnais peninsula (Tasna-Falknis) in Late 
Cretaceous-Paleocene times. Frontal pieces of the west- 
ern Adria- Austroalpine margin were dragged into the 
subduction zone, as evidenced by the Late Cretaceous- 
Early Paleocene HP/LT metamorphism recorded in the 
Sesia domain (Oberhansli et al. 1985; Rubatto 1998) and 
Calabria (Colonna and Piccarreta 1975). 

During the Late Cretaceous oceanic basins opened in 
Turkey (Lycian) and further east (S email- Spongtang) 
(Figs. 3.13 and 3.14). These are supra-subduction intra- 
oceanic back-arc type oceans, which developed at the 
expense of preexisting oceans, remnants of which totally 
disappeared or where partly recycled in accretionary or 
fore-arc units found along the suture zones (e.g. the fa- 
mous Ankara melanges: Gansser 1974; Transect VIII, this 
publ.). This is also the case in Oman where remnants of 
Neotethys are only found as exotic blocks at the sole of 
the Cretaceous Semail ophiolite (Pillevuit et al. 1997), a 
situation which can be extended eastward to the Hima- 
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Fig. 3.1 2 . 121 Ma (Barremian- Aptian; magnetic anomaly Mo). At this time spreading in the Central Atlantic extended northward, between 
Iberia and Newfoundland, and the African plate limit was north of Iberia, in the Pyrenees. The southward movement of Africa-Iberia with 
respect to Europe, generated a new spreading centre in the Alpine Tethys, separating its west and east segment. In the latter, subduction 
progradation brought the exotic Austroalpine terranes onto the Alpine Tethys, whereas its west segment was being passively transported 
with the African plate. Orogenic processes were soon to come to an end in the Balkan (sealed by Albian molasses), whereas the Lycian 
intra-oceanic system extended eastward. In this process a flexural basin developed along the northern margin of the Izmir- Ankara ocean, 
with emplacement of melanges on the Pontides domain. Thereafter, the Lycian ocean obducted southward on the Anatolide-Taurus block, 
the obduction is sealed by Maastrichtian shallow-water deposits. The Semail intra-oceanic back-arc system was expanding southward 
following slab retreat of the Neotethys in that direction. Spreading between the African and Indian plates stopped and was replaced by a 
major dextral transform system. The remnant Neotethyan spreading ridge, south of the Afghan-south Tibet cordillera, will soon fail as it 
is too buoyant to be subducted. Its eastern segment will give birth to a supra-subduction back-arc spreading system, whereas its western 
segment will obduct onto the Lut block. Thereafter, subduction of negatively buoyant Neotethyan sea floor will allow the Indian plate to 
start its fast motion northward. The presence of a spreading ridge attached to the Indian plate until this Mo anomaly reconstruction is 
necessary, as India was going southward with respect to Africa 



laya (e.g. Bassoulet et al. 1981; Robertson and Degnan 
1993) and westward to Cyprus (Transect VIII, this publ.) 
(e.g. Blome and Irwin 1985; Robertson and Xenophontos 
1993). 



3.4 The TRANSMED Transects in Space and Time 

In this section we review the TRANSMED transects in 
terms of their location in space and time within the 
framework of the paleotectonic reconstructions pre- 
sented above. In support of the following discussion, we 
show the different - mainly continental - segments of 
the transects (except the Alpine ones) on some key re- 
constructions (Figs. 3.15-3.18), in order to analyze how 
the final arrangement of the transects is the result of 
multiple episodes of dispersion and juxtaposition of 
such segments. Such exercise gives an appreciation of 



the complex geological history underlying the Mediter- 
ranean region and provides examples of how 2-D evo- 
lutionary models often fail to portray adequately tec- 
tonic displacements at high angle with the plane of the 
cross sections. 



3.4.1 Transects l-ll-lll West 

The southern segments of Transects I and II belonged to 
Gondwana- Africa from the Early Palaeozoic until now, 
whereas all other segments were detached from Gond- 
wana, accreted to Laurussia during the Variscan cycle, 
and juxtaposed through major strike-slip displacement 
inside the Variscan cordillera (segment Illa-b and Illc-d). 
After a first Pangean juxtaposition (Fig. 3.16) some seg- 
ments were displaced again during the opening and clos- 
ing of the Alpine Tethys and Pyrenean rift system. Seg- 
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Fig. 3.13. 84 Ma (Santonian). The absence of magnetic anomalies between the Mo and C34 anomalies reduces the constraints on the 
paleogeographic evolution during the intervening 37 Ma. The main event was the accelerated rotation of Africa, which narrowed down 
significantly the Neotethyan domain south of the Semail ocean. Transform motion between the latter and the remnant Neotethys north of 
India changed from dextral to sinistral. Collapse of the old Neotethyan lithosphere along the transform generated the opening of an intra- 
oceanic basin east of Arabia. Before that, roll-back of the Neotethyan sea floor south of the Lut block had detached the latter - together 
with the Sanandaj-Sirjan block - from Eurasia. Eastward movement of these two Iranian blocks was accompanied by the expansion of the 
Lycian back-arc ocean, which totally replaced the Izmir- Ankara ocean. Then, east- west shortening, due to the rotation of Africa, triggered 
the southward obduction of the Lycian ocean onto the Anatolian-Tauric plate, whereas the Semail ocean partially obducted along its 
southern transform margin. The Anatolian-Tauric plate was nearly totally covered by ophiolitic-type melange. The northern limit of the 
African plate in the Pyrenees became a zone of convergence, partly extending into the Atlantic. The latter was now spreading between 
Greenland and North America, whereas the South Atlantic was fully open. Large scale east-west shortening in the Alpine- Vardar region 
was bringing Adria behind the Austroalpine prism, whereas the northward subducting Vardar remnant ocean generated an active margin 
setting in the Balkan, accompanied by the opening of the Black Sea back-arc basin 



ments belonging to the Alboran-Corsica-Sardinian do- 
main (lb, lie and Illc-d) were displaced only in Tertiary 
times. Segments of Transect III are highly dispersed in 
view of its U shape geometry, and its eastern part is 
treated together with Transects VII and VIII. 



Geodynamic Evolution 

As discussed above, southward subduction of the Alpine 
Tethys ocean was related to the closure of the Meliata- 
Maliac and Vardar domains, and was inherited in the 
western Alps from the northward vergence of the Austro- 
alpine accretionary wedge. This northward vergence is 
quite unique in the entire Alpine and Tethyan domain, in 
which most orogens are south-vergent. Moreover, a 
change from west- to east-dipping of the Alpine Tethys 
subduction occurs at the connecting point between the 
Alps and the northern Apennines (Fig. 3.19). In that re- 



spect it should be noted that the Penninic Austroalpine 
prism is older (Late Cretaceous-Eocene) than the Apen- 
ninic one (Oligocene-Pliocene). Actually the latter was 
activated after the former had collided with the Euro- 
pean-Iberian margins. Things are further complicated 
by the fact that the Apenninic prism remobilized parts 
of the Penninic prism as exotic elements (e.g. Bracco ophi- 
olitic ridge: Elter et al. 1966; Hoogenduijn Strating 1991). 

When large scale constraints are taken into consid- 
eration, the ophiolites of the Apenninic prism (Tran- 
sect III) must be considered as being mainly derived 
from the former Alpine prism, which had collided in 
Eocene times with the Iberian plate (Corsica and Ca- 
labria; Fig. 3.19). These oceanic elements were reworked 
when northward subduction of the remnant oceanic do- 
main of the Alpine Tethys (Ligurian basin) beneath Ibe- 
ria commenced. This subduction corresponds to north- 
south shortening between Europe and Africa (Tran- 
sects I and II), and postdates anomaly C25 (Thanetian, 
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Fig. 3.14. 70 Ma (Maastrichtian). Continued counterclockwise rotation of Africa was responsible for the obduction of the Semail ocean 
onto Arabia (from Oman to Syria). The two intra-oceanic subduction zones, which had developed around the Neotethys sea floor north of 
India are now joined in a single back-arc system. Such back-arc system will obduct onto the northern margin of India in latest Cretaceous- 
Paleocene time. Around Arabia - as well as in the Himalayas - these obductions completely obliterated the Neotethyan ocean, which in 
this time frame is represented only by a few exotic blocks and by Permo-Triassic pelagic sediments found at the sole of the Cretaceous 
ophiolites. East-west shortening was still very active in the Alpine and Vardar domains. The latter is now totally closed, whereas roll-back 
of the remnant Lycian slab allows the opening of the east Black Sea back-arc basin. At this time, the Anatolian-Tauric plate was a free 
moving entity, pulled westward by roll-back in the Pindos ocean, generating a collision between the “greater Apulia” eastern promontory 
(Bey Daglari domain) and the Taurus margin, now forming the Antalya (Pamphylian) suture zone, mixing Tauric and Pindos elements. In 
the Alps, the northern sinistral Adriatic plate boundary was extending westward into the Piedmont ocean, which soon will start subducting 
southward beneath Adria. This was also allowing the Austroalpine prism to collapse westward and collide with the Brian^onnais penin- 
sula. Slight north-south shortening was taking place along the northern boundary of the Iberian plate, whereas N-S shortening between 
Africa and Iberia will occur only in the Eocene 



c. 57 Ma). In fact, Atlantic magnetic anomalies (e.g. 
Torsvik et al. 2001) show that there was no shortening 
or differential movement of Europe and Africa between 
anomaly C31 (Maastrichtian, c. 70 Ma) and anomaly C25, 
and Iberia and Africa. This implies that the Paleocene 
was a period of no major tectonic movements, as already 
pointed out by Trumpy (1980) for the Alps. 

Deep seismic data clearly show that the southward 
subducted Piemont ocean partially underplated the Adri- 
atic indenter (Finetti et al. 2001). Subsequently, the tec- 
tonically underplated material moved together with 
Adria northward, whereas the not yet subducted Ligu- 
rian part of the Alpine Tethys started to subduct north- 
ward under the Iberian plate, generating HP/LT rocks 
(Puga et al. 1995). In the Middle Eocene reconstruction 
(Fig. 3.19), subduction of the Alpine Tethys is well un- 
derway. During the Late Oligocene important roll-back 
of the Alpine Tethys subduction system led to the open- 
ing of the Algero-Proven9al back-arc basin (Transects II 



and III) (Fig. 3.19). Our Late Oligocene reconstruction 
suggests that the Apenninic accretionary system had 
overridden the margin of the Tuscan-Campano-Lucanian 
block. Oligocene volcanism of Sardinia may, therefore, 
be regarded as subduction related (Monaghan 2001), al- 
though the onset of oceanic slab detachment could also 
be the cause of this volcanism. Subsequently, the Alpine 
accretionary prism (Ligurian units) stranded in the bor- 
der of Corsica and Calabria started to collapse backward, 
following the build up of the new Apenninic accretion- 
ary prism. Accordingly, the Ligurian units are now found 
in an higher structural position that the one they occu- 
pied at the end of the Alpine collision. 

The Lucano-Campanian promontory acting as an in- 
denter, separated the developing northern and southern 
Apenninic accretionary prisms. Both prisms advanced 
into preexisting depressions, the Lombardian rift in the 
north and the Ionian Sea oceanic corridor in the south. 
Accretionary processes are still active in these areas. 
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Fig. 3.1 5. 

Distribution of the segments 
of the TRANSMED transects 
in space and time (Visean). 
See text for comments 



Fig. 3.16. 

Distribution of the segments 
of the TRANSMED transects 
in space and time (Anisian). 
See text for comments 
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Fig. 3.1 7. 

Distribution of the segments 
of the TRANSMED transects 
in space and time (Oxfordian). 
See text for comments 



Fig. 3.18. 

Distribution of the segments 
of the TRANSMED transects 
in space and time (Maastrich- 
tian). See text for comments 




Northward subduction of the western Alpine Tethys - 
extending from Italy (Liguria) to Morocco (Maghrebian 
Tethys) - beneath Iberia probably commenced during the 
Late Paleocene (Finetti et al. 2001), just after the C25 mag- 
netic anomaly. Roll-back of the west Alpine Tethys slab was 
accompanied by the development of the Apenninic-Ma- 
ghrebian orogenic wedge (Transects I and II), and the Early 
Miocene detachment of the Corsica-Sardinian and Kaby- 
lian block led to the opening of the Algero- Provencal ba- 
sin (Roca 2001). As roll back was proceeding, this orogenic 
wedge finally reached the Ionian basin (Neotethys wes- 



ternmost tip: Catalano et al. 2001; Stampfli et al. 2001c). 
During the Late Miocene and Pliocene opening of the Tyr- 
rhenian back-arc basin, the Calabrian block was detached 
from Sardinia (Mantovani et al. 1994; Gueguen et al. 1998; 
Argnani and Savelli 2001; Bonardi et al. 2001). To the west, 
slab roll-back proceeded along the Maghrebian oceanic cor- 
ridor (Gutscher et al. 2002) giving rise to the collision of 
the Kabylian accretionary prism with North Africa in Lan- 
ghian times (Frizon de Lamotte et al. 2000) and eventually 
to the development of the Betic and Rif orogenic wedges 
and the opening of the Alboran marginal basin (Transect I). 
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Fig. 3.19. Western Tethys reconstructions for the Eocene and Oligocene, modified from Stampfii et al. (2002). 1 Ocean; 2 passive margin; 
3 active margin; 4 nummulitic platform; 5 marine foreland basin; 6 continental foreland basin; 7 rifts; 8 epicontinental basin; a inactive 
thrusts; b active thrusts; c Jurassic normal faults; d active volcanic centres. Be y Berne; Ge> Geneva; Gr, Grenoble; Ma, Marseilles, Mz, Milan; 
Mil, Munich; 7 o, Turin 
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Crustal shortening in the western and central Alps 
continued whilst in the western Mediterranean area ex- 
tensional opening of back-arc basins progressed. By Late 
Eocene times the Brian^onnais terrane was incorporated 
into the Western Alps orogenic wedge (Stampfli et al. 
2002) which had collided with the European passive mar- 
gin from the Western Alps to the Eastern Carpathians. 
During the Late Eocene and the Oligocene the distal parts 
of this margin were subducted as shown by pervasive 
metamorphism, with some HP relics (Gebauer et al. 1992). 
During the Miocene, imbrication of the External Mas- 
sifs of the Alps (e.g. Mont-Blanc) commenced, culminat- 
ing in Late Miocene-Pliocene time in folding of the ex- 
ternal Jura mountain range, the frontal folds of which 
were thrust onto the Oligo-Miocene Bresse graben. 



3.4.2 Transects IV-V-VI 

As lateral displacement between the southern and north- 
ern margins of the Alpine domain was quite large, the 
concept that Adria was the conjugate margin of the Hel- 
vetic shelf of the western Alps domain is erroneous. 
Adria was located further to the west, southeast of Spain, 
whereas the lower Austroalpine domain formed the con- 
jugate margin of the Brian^onnais and Helvetic segment 
of the northern Alpine Tethys margin. Following large 
scale Late Jurassic to Cretaceous left-lateral movements, 
Adria reached its present position adjacent to the west- 
ern Alps only in Tertiary times (Figs. 3.12-3.14 and 3.19). 



Geodynamic Evolution 

Our plate reconstructions show that the Alpine Tethys 
must be considered as an extension of the Central At- 
lantic ocean into the Tethyan realm, rather than as a 
branch of the large and older Neotethys ocean (Stampfli 
2000). In this respect, the onset of the Alpine cycle ought 
to be placed into the Carnian, a period corresponding 
to the final closure of Paleotethys in the Mediterranean 
and Middle East domains and to the beginning of rifting 
in the Central Atlantic- Alpine domain. 

After several phases of rifting, as described above, 
and the development of mature passive margins during 
the Cretaceous, the Alpine region was dominated by the 
convergence of the African plate and Europe. The tec- 
tonic evolution of the western Alps commenced with the 
development of an accretionary prism and the south- 
ward subduction of the Alpine Tethys, most likely in lat- 
est Cretaceous times. The following tectonic units were 
successively incorporated into the accretionary prism: 

■ the Adriatic-Austroalpine back-stop, comprising 
an aborted Early Jurassic rifted basin (Lombardian 
basin); 



■ the oceanic accretionary prism of the Piemont ocean 
(west Alpine part of the Alpine Tethys), including 
crustal elements of the toe of the southern passive 
margin (lower Austroalpine elements); 

■ sedimentary and crustal material of the Brian^onnais 
terrane derived from the Iberian plate; 

■ sedimentary and crustal material of the Valais domain, 
and the toe of the European (Helvetic s.l.) passive mar- 
gin; 

■ sedimentary and crustal material of the European con- 
tinental margin and rim basin (Helvetic s.s. domain). 

From the Late Cretaceous to the Middle Eocene, the 
Helvetic margin was subjected to compression causing 
its partial inversion (Ziegler 1990; Ziegler et al. 1995)- This 
was followed by mid-Eocene to Miocene flexural subsid- 
ence of the European lower plate under the load of the 
advancing tectonic wedge (Burkhard and Sommaruga 
1998; Stampfli et al. 1998). 

Following collision of the accretionary prism with the 
European margin the lithospheric slab was detached (or 
delaminated) in the Early Oligocene (e.g. Stampfli and 
Marchant 1995). However, convergence between Adria 
and Europe continued, resulting in the subduction of 
continental material and the development of the present 
Alpine orogenic wedge (Marchant and Stampfli 1997) 
which includes as pro-wedge external units ( i ) the ex- 
ternal Crystalline Massifs and their cover, (ii) the Mo- 
lasse foreland basin, and ( iii ) the Jura Mountains. Con- 
tinued convergence resulted also in the retro-wedge 
thrust belt of the southern Alps that encroaches on the 
Po plain foreland basin, which is superimposed on the 
Jurassic Lombardian rim basin. 

Considering that the Alpine Chain extends from Nice 
to the Carpathians, there is a fundamental difference be- 
tween its western (Transects IV and V) and Austro-al- 
pine-Carpathian sectors (Transect VI). Although in both 
areas an orogenic wedge was ultimately emplaced on the 
European margin, the Jurassic and Cretaceous evolution 
of the western-central Alpine domain differs consider- 
ably from that of the Austroalpine-Carpathian system 
(Faupl and Wagreich 1999). The latter was first involved 
in the collision of the Vardar domain with the Triassic Meli- 
ata-Maliac margin (Bernoulli 1981; Kozur 1991a; Haas et al. 
1995), causing imbrication of the upper Austroalpine nap- 
pes, represented mainly by the Northern Calcareous Alps. 
This implies that the Austro-alpine wedge contains two 
sutures, namely the Meliata and the Penninic sutures, both 
of which are associated with HP/LT rocks (Thoni 1999). 

As seen above, the drift patterns of Iberia and Africa 
were similar during most of the Cretaceous and until the 
Paleocene (Mo to C25 anomaly). Therefore, the north- 
ern limit of the African plate has to be placed during the 
Cretaceous between Iberia and Europe. Separation of the 
Iberia-Corsican-Brian$onnais micro-continent from 
southern France through opening of the Pyrenean rift 
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system resulted in its juxtaposition with the Alpine do- 
main (Frisch 1979; Stampfli 1993; Stampfli et al. 1998; 
Stampfli et al. 2002). With the insertion of the Brian - 
<;onnais domain into the West Alpine domain, the north- 
ern margin of the Alpine Tethys was repeated. Following 
the eastward drift of Iberia, the eastern tip of the Brian- 
<;onnais collided with the western part of the Austroal- 
pine-Carpathian prism during the Late Cretaceous-Pale- 
ocene (Fig. 3.14) (angular unconformity and Palaeocene 
Wildflysch of the Falknis nappe, eastern Brian^onnais; 
Alleman 2002). The Valais domain, underlain by Piemont 
ocean floor trapped between the Helvetic passive mar- 
gin and the Brian^onnais terrane, links up to the east 
with the north Penninic domain, both of which were af- 
fected by Oligocene HP/LT metamorphism (Goffe and 
Oberhansli 1992; Bousquet et al. 1998). However, closing 
of the Valais domain already commenced during Late 
Cretaceous times, witnessed by the deposition of the 
Maastrichtian Niesen flysch followed in the Middle 
Eocene by the Meilleret flysch. These Pyrenean tectonic 
inversion phases can be followed from the western Alps 
(Transects IV and V) via Provence (Transect III) to the 
Pyrenees (Transect II) (Stampfli et al. 1998, 2002). 

This east-west shortening was followed by latest Cre- 
taceous onset of subduction of the Piemont part of the 
remnant Alpine Tethys, that was accompanied by HP-LT 
metamorphism of some elements of its southern pas- 
sive margin (e.g. Sesia Massif, Rubatto 1998). This sub- 
duction was located along a major sinistral transcurrent 
plate boundary (a paleo-Insubric line), accommodating 
eastward translation of the Adria-Tizia plate to a posi- 
tion south of its present location. Eastward movement 
of Adria-Tizia was triggered by subduction of the rem- 
nant Vardar ocean beneath Moesia and eastward slab 
retreat in the Izmir-Ankara ocean (Figs. 3.11-3.14). 

This implies that on all three TRANSMED Alpine 
transects, the present Adria continent was located in a pre- 
rift Early Jurassic fit more than a thousand kilometres to 
the west and formed the southern margin of the West-Cen- 
tral Alpine Tethys. The lower Austroalpine units formed 
the original southern margin of the eastern part of the Al- 
pine Tethys (e.g. Dent-Blanche, Margna-Sella, Bernina) . The 
Insubric line which separated these units from Adria, acted 
during the Cretaceous as a major left-lateral plate bound- 
ary, which was reactivated as a right-lateral fault during 
post-collisional phases of the Alpine orogeny (Laubscher 
1983). On the other hand, the Brian<;onnais terrane and 
Iberia, which formed the Jurassic northern margin of the 
western Alpine Tethys, were displaced eastward during the 
opening of the North- Atlantic and Bay of Biscay. 



3.4.3 Transects III East, VII and VIII 

The different segments of these transects underwent 
large lateral displacements both in an E-W and a N-S 



direction. The southernmost African segments of Tran- 
sects VII and VIII are still separated from Europe by the 
East Mediterranean-Neotethys ocean. Large scale imbri- 
cation of terranes located between Europe and Africa 
caused the duplication of major suture zones (Fig. 3.20). 
This is particularly the case in Turkey, with segments 
presently juxtaposed along Transect VIII being derived 
from often remote and unrelated areas. Major strike- 
slip movements during the Variscan orogenic cycle jux- 
taposed segments. Subsequently, they were dispersed 
again during the collapse of the Variscan cordillera and 
the opening of Triassic back-arc basins. Some segments 
were re-assembled by the Cimmerian terrane collage 
(segment VUId-e). Some segments came only in evi- 
dence during the Late Cretaceous-Early Tertiary, such 
as the Cyprus area (VUIf), which was derived from the 
Semail ocean to the east. Other southern continental 
segments were mainly displaced to the NE with respect 
to Europe in conjunction with the rotation of Africa. 



Geodynamic Evolution 

East-west shortening in the Vardar region started in mid- 
Cretaceous time, after the Balkanic orogenic event 
(Georgiev et al. 2001). Thereafter, the subduction polar- 
ity changed and the remnant Vardar ocean was sub- 
ducted northward beneath the Balkanic orogen (Tran- 
sects III and VII) and further east beneath the western 
Pontides (Transect VIII), where it was accompanied by 
HP-LT metamorphism dated between 100 and 60 Ma 
(Okay et al. 1991; Okay and Tansel 1992). Roll-back of 
the Vardar slab controlled the development of the Late 
Cretaceous Srednogorie-Pontides volcanic arc and of the 
Black Sea back-arc basin (Figs. 3.13 and 3.14). Closure of 
the Vardar ocean was diachronous, and was completed 
first in the Dinaric region (Transect III) during the 
Maastrichtian-Palaeocene (Pamic 2002), then, in the 
Rhodope-Hellenic region (Transect VII) in the Palaeo- 
cene-Eocene (Yanev and Bardintzeff 1997). An oceanic 
basin remained open longer along the Pontides (Tran- 
sect VIII) (Okay and Tiiyziis 1999). There, the Late Cre- 
taceous opening of the Lycian back-arc ocean followed 
the eastward slab retreat of the Izmir-Ankara ocean. 
Subduction-related processes lasted until the final 
Eocene closure of the remnant Lycian ocean along the 
entire Pontides segment (Ko^yigit 1991; Okay and Sahin- 
tiirk 1997; Kaymak^i et al. 2000). Roll-back of the Lycian 
slab triggered the opening of the eastern Black Sea in 
Late Cretaceous-Paleocene times (Robinson 1997; Niki- 
shin et al. 2003). 

Along Transect VIII north-south-oriented Tertiary 
shortening involved obduction/subduction of a young 
Cretaceous ocean (Lycian domain), whereas along 
Transect VII this time interval saw the closure of the 
Triassic Pindos basin (Richter et al. 1993b; Degnan and 





3.4 • The TRANSMED Transects in Space and Time 



79 




Fig. 3.20. Location of major sutures in the western Tethys area, modified from Stampfli et al. (in press): i Paleotethys; 2 Neotethys (in the eastern part it includes the sutures of Neotethys-derived intra- 
oceanic back-arc oceans, e.g. Semail); 3 Balkanic suture; 4 Vardar, Izmir- Ankara (including Lycian), Sevan, south- Caspian, Panjao; 5 front of the Pindos nappe; 6 Pamphylian (Antalya-Cycladic). 
A passive margins of Neotethys; B subduction zones; C major active faults; D minor faults; E former transform faults; F block limits; G major thrusts; H oceanic basement. For abbreviations of key 
localities, see Table 3.1 
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Robertson 1998). However, subduction of the eastern 
part of the Pindos under the Tauride plate started al- 
ready in the Late Cretaceous due to important east-west 
shortening movements. Remnants of this event are found 
in the Late Cretaceous metamorphic sequences of the 
Cyclades (Brocker and Enders 1999) and the Asteroussia 
nappe of Crete (Seidel et al. 1976; Bonneau 1984); it is 
also recorded in the Late Cretaceous Pindos first flysch 
(Neumann and Zacher 1996; Wagreich 1996). Obduction 
of the Lycian nappe onto the Anatolian-Tauric plate 
(Robertson 2002 and references therein) should also be 
viewed in the frame of Late Cretaceous east-west short- 
ening and final emplacement of this plate to the south 
of the Pont ides, from which it was separated by more 
than 2 000 km in Permo-Triassic times. 

Eastward subduction of the Pindos basin implies that 
elements located to the north (Pelagonia) and south of it 
(Greater Apulia, i.e. Bey Daglari and lower Antalya do- 
main) were imbricated on both sides of the Tauric-Ana- 
tolian plate, creating a duplication of older features such 
as the Paleotethys suture zone (Fig. 3.20). This is certainly 
one of the main difficulties inherent to the geology of 
Turkey. Elements related to this Late Cretaceous juxta- 
position correspond (i) south of the Tauric- Anatolian 
plate, to the Pamphylian (Antalya) suture (Monod 1977; 
Gutnic et al. 1979), which extends westward under the 
Lycian nappes and joins the Cycladic domain; (ii) north 
of the Tauric-Anatolian plate, to the Tavsenli and Kiitah- 
ya-Bolkardag zones (e.g. Okay and Tiiyziis 1999), and 
( iii ) eastward, to the Kirsehir massif (Transect VIII), ac- 
creted to the Pontides margin around 95 Ma as witnessed 
by the presence of syn-collisional and younger (c. 72 Ma) 
post-collisional granites (Gonciioglu et al. 1997). 



3.5 Conclusions 

Through this review of the TRANSMED transects we 
tried to emphasize the importance of lateral displace- 
ments and duplications of geological units, a large-scale 
complication upon which smaller scale tectonic imbri- 
cation are superimposed. This makes the geology of the 
Tethyan area so fascinating and at the same time difficult 
to grasp in its entirety. 

Palinspastic models are too often built by retro-de- 
forming cross sections ignoring the exotic nature of 
some of their segments. Such a 2-D approach to geody- 
namics is counterproductive and breeds many errone- 
ous concepts through which tectonic complexity is sim- 
plistically explained by a complex paleogeography. 
Clearly, the construction of lithospheric scale cross sec- 
tions remains a very desirable approach, provided that 
stratigraphic and tectonic problems have been satisfac- 
torily solved, and represents a useful step in the devel- 
opment of plate tectonic models. Modern investigation 
techniques allow to decipher the geodynamic context 



of each tectonostratigraphic unit. However, this is not 
enough if one considers that not all of the units now 
occurring along a given cross section were located from 
the beginning of time along its trace. In other words, 
the possibility of major terrane motions at high angle 
with respect to the trace of the cross section should al- 
ways be considered. For example, using plate tectonic 
models well constrained in space and time, it became 
evident that, for reconstructing a Triassic N-S cross sec- 
tion through the Alpine Mediterranean domain, one has 
to use segments Ha, Illf, Vile and VHIg, and complete it 
with missing segments not found in any of the transects. 
A three dimensional approach is therefore a basic re- 
quirement for meaningful paleotectonic-paleogeo- 
graphic reconstructions. This implies access to large- 
scale plate tectonic models that are constrained in space 
and time. Of course, key information comes first from 
the development of the transects themselves, which are 
rooted in fieldwork done over decades and in more re- 
cent geophysical data. This means that an iterative ap- 
proach must be systematically applied to palinspastic 
models. 

It was the aim of this project to create the necessary 
conditions for multidisciplinary research and interna- 
tional collaboration because, obviously, terranes know 
no political borders. We hope the pooling of knowledge 
and experience during the TRANSMED Project through 
international and multidisciplinary collaboration has 
contributed to the advancement of the understanding of 
our fascinating Tethyan realm. 
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Appendix 3 (CD-ROM) 

This appendix includes the complete set of twenty- three 
paleogeographic-paleotectonic reconstructions elabora- 
ted by G. Stampfli and G. Borel for the TRANSMED At- 
las. Of these, only the most representative (fourteen) are 
shown in the printed portion of the atlas (Chapt. 3). See 
Chapt. 3 for legend, list of abbreviations of localities, and 
for a general discussion of the paleogeographic-paleo- 
tectonic reconstructions. 
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